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MArcH 1959 


THE INSTITUTE OF PETROLEUM 


An Ordinary General Meeting of the Institute of 
Petroleum was held at 61 New Cavendish Street, London, 
W.1, on 17 September 1958, the Chair being taken by 
Dr E. B. Evans, a member of Council. 


The General Secretary read the minutes of the previous 


meeting, which were confirmed and signed as a correct 
record. He also announced the names of members elected 
since the previous meeting. 


The Chairman introduced Dr T. Salomon, who then 
presented the following paper in summary: 


HARMFUL EFFECTS OF ELECTROSTATIC CHARGES ON 
MACHINERY AND LUBRICATING OILS * 


By T. SALOMON (Fellow) + 


SUMMARY 


Abnormal service behaviour of some turbine oils, ascribed to electrostatic charges created within such machines, 
suggested a survey of a number of operational incidents published at various times and which had not, up to 


the present, been satisfactorily explained, and also of known anomalies in the field of lubrication. 


This survey 


led to the conclusion that electrostatic charges can be produced within lubricated equipment and that such 
charges play a significant part in the lubrication process, particularly in the formation of oil films and in pitting 
wear. 


A new explanation of wear mechanism, based on shock wave effect, is proposed. 

Finally, it is pointed out that the usual interpretation of the value of the ohmic resistance of an oil film as a 
means of measuring the thickness of such films does not take sufficiently into account the special dielectric 
properties of thin oil films, which under certain conditions can behave as perfect electrical conductors. 


INTRODUCTION 


Dvurinc the last decade we noted certain cases of 
abnormal behaviour of oils used in steam turbines, 
due to electrostatic charges produced within such 
machinery. This led us to make a literature search 
to see whether similar occurrences had been recorded 
for steam turbines or other prime movers. We then 
proceeded to try to define the effects on machinery 
wear and on the performance of oils in service arising 
from electrostatic charges. 

In our investigation we came to the conclusion that 
electrostatic charges play a significant part in lubrica- 
tion. Such a view calls for some amendment to the 
usual theories governing the mechanism of wear in 
lubricated friction, particularly in the case of pitting 
wear, by introducing the concept of shock waves. 

This new view of the mechanism of wear by the 
effect of shock waves enables us to explain certain 
experimental findings, hitherto unexplained in the 
light of existent theories. This fresh approach indi- 
cates the need for further research, along lines which 
will be developed in this paper, so that practical 
answers may be found to certain, as yet unsolved, 
lubrication problems. 

Static electricity has been something of a scientific 
backwater, but is to-day the subject of re-awakened 
interest, linked to a certain extent with the develop- 
ment of high tension generators for atomic research. 
By adopting the same principles as were used in the 


older electrostatic machines it has been possible to 
manufacture equipment which yields the high voltage 
necessary for such work.™ 

Such renewed interest in a hitherto neglected branch 
of science would in itself have been sufficient justifi- 
cation for examining its relation to lubrication pheno- 
mena. The literature dealing with lubrication has 
become so vast that it is impossible to survey more 
than a portion. The limited references which are 
given at the end of the present paper are intended only 
to be a guide to the various aspects that have been 
investigated in the study of lubrication and wear 
phenomena. 

The present paper is divided into five sections: 


1. Brief review of the formation and effects of 
electrostatic charges. 

2. Account of observations noted on steam 
turbines, both by the author and reported in the 
literature. 

3. Explanation of such phenomena. 

4. Relationship of electrostatic charges to 
lubrication and wear. 

5. Summary of present knowledge concerning 
the electrical properties of thin oil films and the 
effect of such properties on lubrication. 


This sequence has been deliberately chosen so as to 
bring the experimental data into the foreground and 
to follow our own trend of thought on the subject 


* MS received 5 May 1958. 


+ Institut Francais du Pétrole. 
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from hitherto unexplained observations to possible 
new ideas concerning the mechanism of lubrication 
and wear, which, however, still require experimental 
verification. 


1. REVIEW OF THE FORMATION AND 
EFFECTS OF ELECTROSTATIC CHARGES 


1.1 HistoricaL 


Static electricity can be defined as a form of poten- 
tial energy, liberated by mechanical action as opposed 
to that of heat. When two solids are rubbed together 
heat is produced, the amount of which depends upon 
the rate of friction. When two insulators are rubbed 
together an electrostatic charge is produced. This 
was first observed in the sixth century B.c. by Thales, 
who rubbed amber with cloth; this very old experi- 
ment is still used in class-room demonstrations of 
electricity. 

A period of over 2000 years intervened before 
Gilbert in the sixteenth century rediscovered this 
effect, which he named “ vis electra,” after the Greek 
name “electron” for amber. After a further lapse 
of two centuries the first machine which produced 
static electricity by friction appeared; nevertheless, 
the quantitative study of such phenomena is barely 
a century old. In 1834 Pectet demonstrated that 
the maximum current density produced by an electro- 
static machine was independent of the friction pres- 
sure and of the rotational speed, and that such 
maximum current density must be below 100 e.s.u., 
the breakdown value of air. 

The scientific basis of such phenomena was first 
discussed by Faraday, whose views can still be con- 
sidered as largely valid to-day. 

In 1879 Helmholtz published his famous theory on 
the electric double layer with the object of explaining 
the appearance of positive and negative charges when 
two objects hitherto in contact were separated. This 
theory was disproved by the experiments made by 
Macky, and more recently by Darmois, which showed 
that it is essential that objects be rubbed in order to 
create electrostatic charges, and that such charges 
cannot be generated simply by separating two objects 
hitherto in contact. 

In 1898 Coehn published his law governing the sign 
of the charges that are produced. This states that 
material of high dielectric constant becomes _posi- 
tively charged when it is in contact with another 
material having a lower dielectric constant. 

In 1915 Jones showed that Coehn’s law, which had 
been established for liquids, did not apply to solids 
and that in this case the charge produced is governed 


by the surface conditions and not by the magnitude 
of the dielectric constant. 

Quite recently, in 1948, Darmois put forward a 
new theory ;** when two solid objects are rubbed, at 
least one of them undergoes abrasion, with destruc- 
tion of its surface film. Such abrasion liberates 
electric charges which had maintained the bonds 
existing in the surface film and these freed charges 
are then transferred to that of the solids which has 
sufficient affinity therefor. 

We shall not deal further here with inconsistencies 
which are still reported concerning the conditions 
necessary to produce a charge of predetermined sign. 
Experiments, in many cases incomplete, carried out 
by various authors *)*4 indicate the important part 
played by impurities present in the system under 
consideration, which has not always adequately been 
taken into account.* 


1.2 ConpiT1IoNsS NECESSARY TO PRODUCE AN 
ELECTROSTATIC CHARGE 


These are four: 


1.21 Friction. 

1.22 State of the ambient atmosphere. 

1.23 Presence of a dispersed phase in the 
system. 

1.24 Insulating properties of the medium. 


1.21 Friction 


This must be sufficiently strong, taking into account 
the insulation of the system, to produce significant 
electrostatic charges. 

Such friction may arise between: 

(a) two solids; 
(b) a liquid and a solid; 
(c) a solid (or a liquid) and a gas. 

(a) Friction between Two Solids. Occurrences of 
this type are frequent, eg. in paper mills, textile 
factories,** etc. Some examples are given in Table I. 
In order to avoid any untoward occurrences due to 
static electric discharges, it is usually sufficient to 
ensure good ventilation coupled with adequate 
atmospheric humidity. 

Among cases of this type of electrostatic effect, one 
is of sufficient interest to mention. The failure of the 
first Libyan compaign of Rommel’s army during the 
second world war was due to serious trouble arising 
from electrostatic discharges. During his first rapid 
advance towards Egypt, in 1941, Rommel had to 
halt his troops, thus enabling his opponents to re- 
group. This halt was due to explosions occurring in 
the German tanks during their advance through the 
desert. These explosions, at first thought to be due 


* Work at the California Institute of Technology 4% is 5) 
on electrostatic discharges occurring during the loading and 
unloading of road tankers indicated that two grades of 


leaded motor spirit from the same refinery yielded electro- 
static charges of opposite sign. 
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CHARGES ON MACHINERY 


to mines, were eventually traced to the fine sand 
causing a build-up of electrostatic charges on the 
tanks, which, when the vehicles reached a patch of 
ground of greater conductivity, were suddenly dis- 
charged, with formation of a spark and consequent 


TaBLe [ 
Conditions Necessary to Produce Electrostatic Charges 
1. Friction between Two Non-dispersed Phases 


compartment of aircraft in 
flight 

Desert sand rubbing against the 
sides of a tank 

Dry cleaning (friction between 
cloth and petroleum spirit) 

Outflow of gasoline from a road 
tapker 

Frictien of air against aircraft 
in flight 

Mine ventilator, air loaded with 
fine coal dust 


(6) Liquid and solid 


(c) Gas and solid 


2. Friction between Two Dispersed Phases (Sudden Pressure 
Release in a Two-phase System under High Pressure) 


System Example 


(a) Liquid dispersed in gas Damp steam under pressure 
| Compressed air loaded with oil 
| droplets (air compressor) 

(6) Gas dispersed in liquid | Steam turbine gearing, auto- 
| motive gear boxes, etc. 

(c) Mutually dispersed non- | Oil refining; centrifugal separa- 

miscible liquids tion of oil and sulphuric acid 

| (or alkali) 


explosion. As soon as this was recognized further 
trouble was averted by attaching an earthing chain 
t» the tanks. 

It should be remembered that a tank wagon pro- 
ceeding on a dry asphalt road can build up on the 
tyres charges having a potential in the region of 
15,000 V. Such charges eventually spread from the 
tyres to the whole of the vehicle. If we reckon the 
capacity of this to be about 1000 pF and the ohmic 
resistance between the vehicle and the ground to be 
1012 ohm-cm, then we see that it takes about 1000 
seconds to leak away 63 per cent of the accumulated 
electrostatic charge, and about two hours for this to 
be entirely dissipated. 

Tests carried out at the Dunlop Research Centre 
(Birmingham) have shown that a car fitted with 
insulating tyres and having a resistance to earth of 
about 101° to 104° ohm-cm and travelling on a smooth 
dry road at normal speed can build up an electro- 
static charge having a discharge potential of 15,000 
to 50,000, or even as high as 100,000 V and that the 
equilibrium value is attained after a distance of only 
15 yards. Even a bicycle tyre can build up a poten- 
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tial of 5000 V._ If, in the case of the car, we assume 
a capacity of 600 pF, then a potential of 60,000 V 
suddenly discharged can liberate energy amounting 
to one joule,!* which is enough to ignite a gasoline/air 
mixture. 

(b) Friction between a Liquid and a Solid. Cases of 
this type were noted about fifty years ago in dry 


Cv R 


TL 


Fie 1 


BRUNINGHAUS’ APPARATUS FOR PRODUCING ELECTROSTATIC 
CHARGES BY PASSING GASOLINE THROUGH A LAYER OF 
METAL BALLs !? 


cleaning establishments, when inflammable liquids 
were brought into use for the cleaning of textiles. 
Friction of cloth in a container of petroleum spirit 
produces, especially in a dry atmosphere, electro- 
static charges having a fairly high discharge potential, 
up to 4000 V. Such charges can be eliminated by 
rendering the petroleum spirit conducting, by the 
addition of small quantities of soap.** This problem 
arises to-day in the handling of synthetic fibres, which 
are much better insulants than animal or vegetable 
fibres. The difficulty is overcome by incorporating 


{ 
j 
| 4 
Example R 7 
(a) Two solids | Luggage rubbing in the freight . : 
| AWN 
; 
| | 
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an antistatic compound into the fibres, having suffi- 
cient conductivity to prevent the build-up of charges. 
A number of compounds has been put forward for 
this purpose. 

Another example of effects in this group is the 
explosion occurring during unloading of gasoline tank- 
wagons. This was first observed about thirty years 
ago. Bruninghaus,!* 1% with the aid of very simple 
equipment (Fig 1) was able to show that ex- 
plosions which had arisen were directly due to 
electrostatic charges created by the friction of the 
liquid during its turbulent outflow. 

Such an accumulation of electrostatic charges dur- 
ing the outflow of gasoline through a metal tube is 
prevented if the gasoline is first passed over copper or 
brass turnings, although passage through zinc powder 
produces only a temporary effect, whilst no effect at 
all is noted with magnesium or iron turnings.?* 

This explosion risk during gasoline transfer can be 
eliminated by proper earthing links, by the use of 
conducting tyres on the lorry, or else by delaying 
unloading so as to allow sufficient time for any ac- 
cumulated charges to leak away.* 

High-potential electrostatic charges can also be 
produced when water droplets splash on ice.*? The 
effect is more marked with distilled water than with 
tap water owing to the lower conductivity of the 
former. Discharge potentials up to 230 V have been 
observed on the freezing of a dilute aqueous solution.*’ 

(c) Friction between a Solid (or a Liquid) and a Gas. 
The main example of this type is an aircraft in flight.* 
The intense friction of the air against the aircraft pro- 
duces electrostatic charges, which accumulate pre- 


Fie 2 


PITTING CORROSION OF AN AIRSCREW OII, BEARING BY 
ELECTROSTATIC DISCHARGE (BEACH ®) 


ferentially on the airscrew blades and on the lifting 
surfaces; their discharge leads to pitting of the wing 
edges of jet planes. 

The electrostatic electricity accumulated on the 
airscrew blades can discharge through the oil bearing 
and thus cause trouble. The pitting corrosion that 
can thus occur is shown in Fig 2. 


The accumulation of static charges on the aircraft’s 
lifting surfaces presents a landing hazard; such effects 
were noticed during the last war, especially in the case 
of emergency airfields, where the landing strip was 
metal-covered. An arc of as much as 1-2 metres has 
been observed on landing, between the fuselage and 
earth, corresponding to a discharge potential in excess 
of a million volts. Such effects can be avoided by 


Fie 3 
IONIZERS ON BEARING SURFACES OF AN AIRCRAFT 


fitting to the trailing edges of airscrews and wings 
ionizers composed of bundles of stainless steel wire 
having very fine sharp points (Fig 3), and also by 
conducting tyres. 

Similar occurrences have been noticed in an electric 
power station operating on pulverized coal.*® The 
oil in the bearings of the electric motors operating the 
blowers oxidized very rapidly under the influence of 
electrostatic discharges produced by the friction of the 
air, carrying finely divided coal dust. Such electric 
discharge occurred between the motor shaft and the 
oil bearing. The effect could be overcome by short- 
circuiting the oil bearing by means of a conductor 
brush. 

Electrostatic charges as high as 300,000 V have 
been noted on the valve seat of an air compressor, 
especially when the valve travel was very small due 
to slight distortion arising from internal strain in the 
metal.*¢ 

Other interesting effects have recently been noted 
by Herning and Heusinger,*** who circulated gas 
carrying fine dust through a closed circuit in a metal 
tube, of which only a section was insulated. Electro- 
static charges are produced, the potential of whose 
slow discharge current increases with test duration. 
In the case of a gas containing 150 g of fine powder 
(particle diameter below 302) these authors, using a 
0-5-mF condenser, noted an increase of 8 V/min in the 
potential of the slow discharge current, which was of 
1077 A. 

If air in a pipe at 72 kg/cm? is suddenly released, 
there is a jump to 2000-3000 V in the potential of the 
slow discharge current. 

Similarly, if air at 120 kg/cm?, stored in an in- 


* Measurements carried out at the California Institute of 
Technology *** show that the strength of the slow discharge 
current of electrostatic charges accumulated during the filling 


or discharge of road tankers is of the order of 107° amp/gal/ 
min; this current intensity is proportional to the outflow rate 
and may vary for different grades of gasoline. 
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sulated cylinder linked to earth through an electro- 
static voltmeter, is suddenly released, a slow dis- 
charge current potential of 2000 V is recorded. For 
a cylinder of liquid CO,, rapid release of pressure from 
60 kg/cm? gives a value of 3000-4000 V, sufficient to 
cause a spark to jump between point electrodes at a 
gap of 1-2 mm. 


1.22 State of the Ambient Atmosphere 

This is of considerable importance in connexion 
with the accumulation of electrostatic charges. If 
the surrounding air is damp or ionized the charges 
cannot accumulate, or else rise only to a value too 
low to cause any serious damage. 


1.23 Presence of a Dispersed Phase in the System 


This is an extremely important factor which, as will 
be shown later, is of particular significance in con- 
nexion with lubrication problems. Let us consider as 
an example the production of electrostatic charges 
during the outflow of aliquid. Electrification occurs 
only in the case of turbulent flow incorporating a 
disperse phase, but not with laminar flow;7* this rule 
also applies to gas flows. Faraday had already ob- 
served that neither a pure gas nor dry steam became 
electrified by friction against a solid. On the other 
hand, damp steam, which contains water droplets dis- 
persed therein, gives rise to strong electrostatic 
charges," an observation later confirmed by 
Milhoud.** 

Such a disperse phase, essential for strong electri- 
fication, may be formed by liquid droplets in the gas 
(e.g. damp steam, compressed air containing oil drop- 
lets) or else by gas bubbles dissolved in oi) under high 
pressure and liberated by a sudden pressure release. 

The effect increases in intensity when the sudden 
pressure release alternates with strong compression. 
Such a condition occurs in all forced circulation 
lubrication systems, particularly at the outflow from 
the oil pump and in the gearing of steam turbines. 

In internal combustion engines* significant po- 
tentials (up to 80 V) of the slow discharge current can 
be noted between the piston and the cylinder wall, 
where alternating compression and sudden release 
occur.5% 

A further example is the case of the agitation of 
two immiscible liquids when one is dispersed within 
the other. This can occur in oil refining or during 
centrifuging. The undesirable effects can be over- 
come by careful earthing. Air agitation of kerosine, 
during the acid refining of the latter, can produce a 
slow discharge potential of 1000 V or even as high as 
2500-3000 V in the case of the neutralization of the 
acid raffinate.™* 4% 

Electrification phenomena during the outflow of a 
gas-saturated liquid were studied many years ago by 
Armstrong ? and by Faraday,?? who both showed that 
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it was essential for a disperse phase to be present for 
an appreciable electrostatic charge to accumulate. 

Milhoud,*® whose interesting work did not at the 
time gain the attention it deserved, showed that 
electrostatic charges increased sharply when the flow 
of gas or liquid passed from laminar to turbulent (e.g. 
sudden expansion of super-heated steam in the di- 
vergent section of the exhaust), whereupon the effect 
was as if there had been initiation of a rapidly rising 
potential which, under such test conditions, could 
attain 5000 V. 


1.24 Insulating Properties of the Medium 

Electrostatic charges cannot accumulate in a con- 
ductor. For instance, to take a practical example, 
consider the use of aqueous emulsions of fatty oils for 
the oiling of textile fibres prior to carding. The steel 
tips of the cards promote the discharge of electrostatic 
charges and can give rise to ignition of excessively dry 
fibres. This point will be further considered in the 
section on lubrication. 

Milhoud *® studied the influence of the insulating 
properties of the medium on the formation of electro- 
static charges. He noted a marked drop in the dis- 
charge potential (100 in place of 3000-5000 V) when 
steam was rendered slightly conducting by the atom- 
ization of a dilute salt solution, although the amount 
of energy liberated remains the same, since the dis- 
charge current increases to a measurable value (about 
a milliamp), whereas in tests with non-conducting 
steam the current intensity was immeasurably small. 
The current yield with conducting steam was such 
that Milhoud was able to light a neon tube connected 
across the steam jet and the pipe. 

These experiments emphasize the importance of an 
often overlooked fact, namely that the potential 
change during the discharge of electrostatic charges is 
very high, although the discharge current can be too 
small to determine. Nevertheless, there is frequently 
a tendency to measure leakage currents by determin- 
ing their intensity rather than by measuring both the 
current and the voltage. Measuring the amount of 
current alone merely indicates that a leakage current, 
due to poor insulation of the equipment, is present, 
but it does not reveal the presence of electrostatic 
charges. This may be why electrostatic charges in 
machinery have not been more frequently observed. 

The insulating property of a medium is character- 
ized by its ohmic resistance and its electric strength; 
these two parameters relate to different conditions and 
are’not necessarily concurrent. The ohmic resistance 
governs the slow leakage of current, whilst a sudden 
discharge of the system depends on the value of the 
electric strength. 

Ohmic resistance is hence the main parameter in the 
case of straightforward lubricated friction. It is 
merely necessary to lower the value of the ohmic 
resistance, by the addition of conducting material, in 


: 
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order to suppress the formation of undesirable electro- 
static charges (cf para. 1.2). 

When electrostatic charges are generated by the 
sudden expansion of a previously compressed disperse 
phase (cf para. 1.23) a reduction of ohmic resistance is 
by itself insufficient completely to suppress such 
phenomenon, it merely alters the form of the dissi- 
pated energy by producing a discharge current of 
lower voltage but greater intensity. In such a case 
the electric strength of the medium becomes the 
governing parameter. 

This difference in the nature of the electrostatic 
charges which are produced explains, as will be shown 
below, the different effects observed in sliding hydro- 
dynamic lubrication or in boundary rolling lubrication. 


2. ACCOUNT OF OBSERVATIONS NOTED 
ON STEAM TURBINES 


Facts observed, both by ourselves and others, under 
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dicated, on the basis of acidity, saponification number, 
and demulsification, that the oil was still serviceable. 

This turbine was one of three similar units, the only 
difference being that the oil pump was driven by 
helical gears, whilst the other two turbines had a worm 
drive. The damaged turbine was insulated from 
earth by concrete, whilst the other two were mounted 
directly on the ground. The oil in these other 
two units was in perfect condition and had no soluble 
sludge. 

Examination of the stripped damaged turbine 
showed no obvious reason for the rapid oxidation of 
the oil; there was no catalytic action ascribable to 
abraded metal nor any water in the oil system, nor 
could leakage current be detected. The potential 
difference between the turbine shaft and the main 
structure was about 20 V and the current flowing was 
10 mA, whilst leakage currents usually show levels of 
1500 to 2500 mA, at very low voltages, in the mV 
region. Fig 4 shows some results of leakage current 


actual service conditions and which indicate abnormal measurements made by Verver.”? The adverse effect 
60-120mv 
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LEAKAGE CURRENTS MEASURED AT DIFFERENT PARTS OF A STEAM TURBINE (VERVER 72) 


lubricant aging and excessive wear will now be con- 
sidered. 

These two aspects will be dealt with separately, but 
their possible interaction should be borne in mind. 


2.1 ABNORMALLY Raprp AGING oF Or 
Our own findings relate to three steam turbines 
lubricated with pure mineral oils. One case (2.11) 
was of a 8000-kW turbine, the other two (2.12) con- 
cerned small units, 1800 kW. 


2.11 8000-kW Turbine 

After 8000 hours operation the oil was severely 
oxidized, it had an acidity of 1-3 mg KOH/g and 
soluble sludge (precipitable by n-heptane) of 4 g/litre, 
although earlier tests in another laboratory had in- 


of leakage currents has been known for a considerable 
time, and such currents are suppressed by fitting 
earthing brushes to the main turbine shaft. 

The state of the oil pump gears (see para. 2.21) led 
us to the view that the rapid oxidation of this oil could 
be due to the production of electrostatic charges and 
to suggest, as a cure, the fitting of a brush to short- 
circuit the site of the trouble. This simple solution 
was adopted only after a fresh set of gears had been 
fitted and an inhibited oil (containing anti-oxidant 
and anti-rust additives) put into use; nevertheless, 
the new gearing showed pitting to the naked eye after 
500 hours use. 

Replacing the gears once again and fitting the short- 
circuiting brush gear mentioned above suppressed the 
effect; the inhibited oil already in use was not 


JOURNAL OF THE INSTITUTE OF PETROLEUM 


| 
| 
= 
\ 


CHARGES ON MACHINERY 


changed. After a further 2000 hours operation no 
pitting whatever of the gears could be seen, and this 
turbine has now been giving trouble-free operation 
since 1950. 


2.12 Back-pressure 1800-kW Turbines 

Our second, very recent, observation relates to two 
similar 1800-kW turbines, operating in the same 
power station for periods of seventeen and fifteen 
years and both lubricated with the same straight 
mineral oil. Each turbine operates for alternating 
six-month periods, at about a constant load. Oil 
changes are made at 8000—-10,000 hours, when the 
acidity of the oil attains a value of 0-5-0-6 mg KOH /g. 
This is a fairly high acidity for the relatively short 
(ca 10,000 hours) operating period, but operating 
conditions for back-pressure turbines are fairly 
strenuous. 

When the periodic shut-down of turbine I was due, 
after the oil had been in service for 6600 hours, block- 
ing of the regulator by a thin film of resinous pre- 
cipitate occurred and the machine had to be shut down 
manually. 

Examination of the oil gave the following results, 
indicating abnormally rapid aging: 


Acidity . 6-62 mg KOH /g 
Soluble sludge, precipitated by n- 
heptane P 3-15 g/litre 


Ash (on filtered oil) . 0-032% (Fe,0,) 

The sludge precipitated from the oil by n-heptane 
was quite different from that normally obtained from 
an aged pure mineral oil; it was resinous in appear- 
ance, and rapid drying at 105° C converted it into a 
dry lacquer soluble with difficulty, if at all, in the 
usual organic solvents. 

Analysis of the sludge precipitated by n-heptane 
indicated the presence of organic iron compounds (see 
Table II). 

In view of this, the state of the oil in turbine II was 
checked after 1500 hours operation. Results of a 
similar type, although not so marked, due to the short 
period of service, were found: 


Acidity . 0-66 mg KOH /g 
Ash - 001% 
Soluble sludge, precipitated by n- 

heptane 0-14 g/litre 


The precipitate from turbine II had a higher content 
of organic iron compounds than the precipitate from 
the oil of turbine I, but the C/H ratio was substantially 
the same, indicating that a similar reaction product is 
concerned, which is initially soluble in the oil but 
which gradually becomes insoluble in consequence of 
polymerization or condensation; this is accompanied 
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by increasing sulphur and, especially, iron contents, 
with reduction in the purely “ organic ” components, 
i.e. carbon and hydrogen. Such polymerization/con- 
densation by heat, of oil-soluble organic iron com- 
pounds, leading to insoluble products, is a well-known 
effect which has been observed in artificial aging tests 


II 


Turbine I ¢ iz Turbine IT 


8 096% | 
sn: 
As Fe,0, 25-75% 
AsFe . 2-4%, 18-0 % 
O, (by diff.) | 19-29% 25-0% 
C/H ratio 738 8-3 


* Precipitated from filtered oil by n- heptane ond dried | at 

105° C; asimilar precipitate was found in the stripped turbine. 

é Deposit from turbine, washed free from oil by n-heptane 
and dried at 105° C. 


on mineral oils using soluble catalysts, such as iron 
naphthenate. 

Detailed examination of these oils, both when new 
and after use, brought to light other disconcerting 
evidence. 

The straight mineral oil used in these two turbines 
was from a Middle East crude; its sulphur content was 
0-80 per cent, a typical figure for oils from this source. 
However, this sulphur content diminished steadily in 
service; thus it had fallen to 0-70 per cent for used 
oil after 1500 hours (turbine II) and to 0-50 per cent 
after 6600 hours (turbine I). Moreover, the re- 
activity of the sulphur compounds present had under- 
gone a change. When the oils, both new and used, 
were aged by the Weiss/Salomon test (heating in air 
at 115° C, copper catalyst) 5* it was found that, in the 
case of the new oil, the copper catalyst was rapidly in- 
activated by “ brassing ” * with formation of a surface 
film of cuprous sulphide; on the other hand, in the 
case of the two used oils, the copper was “ pickled,” 
as though it had been acid-treated. The used oils dis- 
solved a significant amount of copper, a negligible 
factor in the case of new oil. 

After artificial aging for 65 hours we found the 
following values for dissolved copper: 

% 

0-004 
0-021 (6600 hours use) 
0-018 (1500 hours use) 


New oil . 
Used oil (turbine RB: 
Used oil (turbine IT) 


Also, the used oils had, at the beginning of the test, 
a certain amount of dissolved iron, but no copper. 
Repeating the artificial aging test for 72 hours and 


* The copper wire was covered by a strongly adherent film 
of Cu,S (y form), which gave the wire a yellowish brassy 
appearance, hence the expression “ brassing *’ of the copper. 
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If CuS forms (« form) the copper wire darkens to a brown or 
black colour. 
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using an iron wire spiral in place of copper, no attack 
on the iron by either new or used oil was noted. 
Hence the oxidation conditions in the artificial test 
differ from those in actual service in the turbine. As 
a general rule, an aged oil, when submitted to our 
laboratory test, always oxidizes much more rapidly 
and intensively than in actual use, which enables us 
to forecast the probable behaviour of such an oil in 
further service.5® 5% 

In this case for the first time we came across used 
oils which oxidized far more rapidly in service than in 
a laboratory test. Thus it was found that the used 
oil from turbine IT (1500 hours use) after an artificial 
aging test of 48 hours (equivalent to 20,000 to 30,000 


HARMFUL EFFECTS OF ELECTROSTATIC 


decide whether the use of inhibited oils has solved the 
problem. Owing to the small spacing available in the 
gear housing, the use of short-circuit brushes was not 


possible. 


2.13 Previous Published Findings 


Verver ” has described similar cases of rapid aging 
of turbine oils in service, which he attributed to 
fortuitous causes difficult to define; he mentions 
“ good ” and “ bad ” turbines. In the former the oil 
operated satisfactorily and aged normally, whilst in 
the latter the oil deteriorated rapidly without obvious 
cause. The behaviour of the same oil in “ good ” and 
“bad ” turbines is shown in Fig 5. In the former 
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Fie 5 
AGING RATE, AS INDICATED BY INCREASE OF ACID VALUE, OF SAME OIL IN DIFFERENT STEAM TURBINES (VERVER 7*) 


hours of normal service) was far less oxidized than the 
used oil from turbine I after 6600 hours use. This is 
clearly shown by the following figures: 


Increase after 
48 hours 
| £002 Bou 
aging 
from to 
Acidity, mg KOH/g ; - | 0-66 1-05 6-62 
n-Heptane precipitated sludge, 
g/litre ‘ - | 0-14 0-36 3-15 


Hence the mechanism of oxidation in service of 
these oils was evidently different from that in the 
laboratory test, owing to the absence of another para- 
meter present in turbine operation. 

As will be shown later, the only factor specifically 
linked to turbine operation appeared to be the action 
of electrostatic charges, although practical confirma- 
tion of this has not yet been possible. 

The two turbines concerned are now operating on 
inhibited oils, and the anomalous findings observed 
with straight oils appear to have ceased, although it 
will be necessary to wait a further couple of years to 


case (turbines No. 1 and 2) the oil was in service for 
25,000 hours without any significant increase in 
acidity, whilst in the ‘‘ bad ” turbine (No. 5) the same 
oil had an acidity in excess of 1 mg KOH/g after only 
2000 hours operation. Such a difference in oil be- 
haviour cannot be explained by differences in either 
the construction or operating conditions of the tur- 
bines. Verver considers it to be due to either electro- 
static charges or leakage currents, without, however, 
differentiating between these two effects. 

Such occurrences have led to the use of inhibited 
oils, which appear to give better results than straight 
mineral oils, although the actual conditions which call 
for the use of inhibited oils are still ill-defined. It 
may be that the better performance of such oils is due 
to their greater electrical conductivity, thus prevent- 
ing the accumulation of electrostatic charges to an 
extent at which they cause adverse effects. Such 
explanation does not, however, meet all cases (cf 
para, 1.24). In our own experience we have had one 
case where the use of inhibited oil avoided the ill- 
effects due to electrostatic charges (cf para. 2.12), 
whilst in another case the effect was the opposite 
(cf para. 2.11). These two examples involve the 
same type of oil containing the same inhibitor, but 
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the turbines concerned are of two different types. 
The differing behaviour of the inhibited oil could be 
explained by a difference in the magnitude of the 
electrostatic charges produced in the two cases (cf 
para. 2.22). That the increase of conductivity by 
additives does not always suffice to suppress electro- 
static charges is shown by the lack of effect which 
anti-wear additives (which are usually conducting 
materials) have on pitting wear. 


2.14 Observations Made on Other Types of Equipment 

Wilford 75 has recorded a similar effect in the gear 
selectors of London buses. This equipment was 
lubricated with a turbine oil which deteriorated and 
sludged very rapidly and which had to be changed 
after less than 7000 miles operation. Neither mineral 
oil nor castor oil gave satisfactory results, which were, 
however, obtained with a white oil containing an 
oxidation inhibitor, which gave trouble-free operation 
for nearly 130,000 miles. Such rapid oxidation of a 
non-inhibited oil was only noted in vehicles in urban 
service; similar vehicles in rural service did not show 
this effect. 

Wilford has also reported rapid deterioration of the 
rear axle oil in these vehicles; the rear drive, of the 
worm type, has high loading and the oil had to be 
changed after about 13,000 miles. Addition of an 
oxidation inhibitor enabled this service period to be 
extended.®? 

It seems possible that the occurrences described by 
Wilford are connected with the formation of electro- 
static charges in the gear systems. We are aware of 
another case in which rapid oxidation of oil occurred 
in a worm-drive rear axle of a car and in which electro- 
static charges were an aggravating factor. 


2.2 ABNORMAL WEAR OF LUBRICATED PARTS 
In general, rapid oxidation of the oil and excessive 
wear of the rubbing surfaces occur together. In 
certain reported cases, however, only the rapid 
oxidation of the oil has been mentioned, with no 
indication whether excessive wear also took place; 
there is the possibility that examination was confined 
to an inspection of the oil and that wear was not 
sufficiently obvious to call for comment. 
Different types of cases which have been reported 
are discussed below: 
Rapid wear of lubricated surfaces and aging 
of the oil (paras 2.21, 2.22, straight mineral oil). 
Rapid wear without significant effect on the oil 
(para. 2.21, inhibited oil). 
Rapid aging of the oil with but little wear of 
the lubricated parts (para. 2.22, turbine II, 
straight mineral oil). 


2.21 8000-kW Turbine (cf also para. 2.11) 
Examination of this turbine after stripping revealed 
pronounced pitting wear, restricted to the gear teeth 
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of the oil pump. Such pitting could only be observed 
on the load-carrying side, along the curve of maximum 
pressure; in some spots the metal was literally torn 
away (Fig 6). The absence of any visible attack on 
the non-carrying side excluded wear caused by 
vibration, which in any case was absent. Absence of 
wear on the gear grooves, on the main shaft, and on 
all other parts of the turbine excluded electrolysis as 
the source of corrosion, and no water was found in the 
oil system. Absence of stray currents (¢f para. 2.11) 
was likewise confirmed. All this led us to conclude 
that the wear must be due to electrostatic charges 
located in the oil pump gearing. Such charges could 
be generated by the mechanism described in para. 1.23, 
by the alternating action of strong compression and 


Fie 6 
PITTING CORROSION OF THE TEETH OF HELICAL GEARING OF 


OIL PUMP OF 8000-KW STEAM TURBINE. APPEARANCE OF 


PITTING AS SEEN BY NAKED EYE 


sudden release of the film of air-saturated oil, which 
occurs during engagement and disengagement of the 
gears. The voltages thus created being greater than 
the electric strength of the oil, sparking and con- 
sequent pitting of the metal occur. This point pitting 
is repeated over the very restricted contact area at a 
rate of 48,000 discharges/min, in the case of a gear 
having 16 teeth and revolving at 3000 rev/min. The 
initially submicroscopic hole eventually becomes 
visible, and conditions favouring tearing away of the 
metal are created. 

Niemann * also noted pin holes in a metal surface 
during rolling trials; the Pametrada laboratory, 
which also recorded similar findings,!” 1* stated that 
the holes formed had a depth of 0-005 mm and that 
grain distortion was not observed. 

Such a reaction mechanism was evident after we 
had examined the damaged gearing with the electron 
microscope of the Physics Dept of the IFP. Fig 7 
shows attack, visible to the naked eye, when viewed 
by the electron microscope (magnification about 
20,000); Fig 8 shows the corresponding part of the 
non-carrying side of the gear tooth, with no attack 
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visible to the naked eye. The electron microscope 
revealed the presence of minute holes, about 80 A 
diameter, each of which was surrounded by a small 


Fic 7 


APPEARANCE OF PITTING OF SAME GEARS AS FIG 6, AS 
SEEN UNDER ELECTRON MICROSCOPE 


Fie 8 


APPEARANCE OF GEAR TOOTH SURFACE UNDER ELECTRON 
MICROSCOPE (NON-LOAD-CARRYING SIDE). NO PITTING 
VISIBLE TO NAKED EYE 


crater, as if there had here been a local fusion of the 
metal by the spark causing the pitting. 

These findings led us to the view expressed in para. 
2.11, and hence to the solution of the problem. The 
system of gear teeth separated by a thin layer of oil 


is a condenser, which has to be permanently shorted 
in order to avoid the build-up of electrostatic charges. 
Such shorting is by means of contact brushes suitably 
located in the gear system and connected by a metallic 
link. 


2.22 Back-pressure 1800-kW Turbines 


These are of a different type from the turbine 
discussed above. They revolve at 7500 rev/min and 
are fitted with a plain helical reduction gearing (10/1). 
The straight gear oil pump is driven off the turbine 
shaft by a worm drive and circulates oil at the rela- 
tively low pressure of 6 kg/cm?. 

The maximum oil temperatures are: 90° C on the 
high pressure bearing, 65°-75° C at the coolant entry, 
and 58°-70° C at the coolant exit. 

The amount of oil in the system is 800 litres, with 
a weekly make-up of 10 litres. 

Turbine I, stripped in consequence of the occurrence 
described in para. 2.12, showed considerable black 
sludge on several of its parts and even the occurrence 
of “rust.” The gearing of the oil pump was, after 
20,000 hours, in such a condition that it had to be 
replaced. This was the only component of the turbine 
to show severe wear. 

Turbine II also showed the most marked wear at 
the oil pump gearing, in the form of more or less 
severe pitting along the pitch-line. The metal had 
not been torn away, but in places the surfaces 
had a rough appearance, as though there was a black 
deposit thereon. If this surface was cleaned with gas 
oil, dried, and then exposed to damp air for a few 
hours, it began to “ rust.” 

The driving gears, consisting of two cylinders with 
straight cut teeth, had similar, but very much 
less pronounced, pitting along the pitch-line. This 
lesser wear may be due to the somewhat smaller pres- 
sure operative in the driving gears (1 kg/em* against 
6 kg/cm ? in the other gearing previously mentioned). 

The tangential reduction wheel had at one end, for 
about 10 per cent of the total length of the teeth, 
a very slight pitting at the pitch-line level. The 
whole of the wheel was covered with a black deposit, 
similar to the precipitate obtained from this oil in the 
laboratory test; the steel had nowhere its normal 
appearance. This black deposit formed a moderately 
thick layer in the socket of the tangent wheel; it was 
quite different from the usual deposit formed by an 
oxidized mineral oil. 

It should be made clear that all the pitting observed 
was restricted to the load-carrying side, thus eliminat- 
ing the possibility that the wear was due to vibration. 

No visible wear, nor any deposit, was to be seen on 
the other parts of the turbine. 

In the three cases discussed above the visible wear 
was mainly apparent on the gearing of the oil pump 
in the form of pitting along the pitch-line on the 
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load-carrying side; hence electrolytic corrosion can 
be excluded. The “ rust’ noted on certain parts of 
the 1800-kW turbines was apparently composed of 
hydrated organo-ferric compounds, not of ferric 
hydrate. It must be remembered that the oils from 
these turbines contained soluble organo-ferric material. 


Fie 9 
PITTING CORROSION OF STEAM TURBINE GEAR WHEEL 
(TEN BROEKE 


Fie 10 


PITTING CORROSION OF STEAM TURBINE WORM DRIVE 
(TEN BROEKE ®*) 


We have shown elsewhere 5’ that organo-ferric com- 
pounds can be formed in oil during service and can 
cause a precipitate having a rust-like appearance. 


2.23 Other Published Observations 


Cases similar to the one we have observed have been 
recorded in other countries. Ten Broeke ® described, 
in 1948, the case of a 3000-rev/min, 10,000-kW turbine 
whose transmission gearing had been strongly 
attacked by electrostatic charges after nine years 
operation. The appearance of the gear-wheel is 
shown in Fig 9, and that of the worm-drive in Fig 10. 
The wear has some similarity with that shown in Fig 
6. It will be noted that on the worm-drive there is 
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deep pitting, with tearing away of the metal, whilst 
the attack on the gear wheel is restricted to the load- 
carrying side. 

Another similar occurrence was noted for a 3000- 
rev/min, 30,000-kW turbine. In both these cases the 
electrostatic charges had been produced by the fric- 
tion of the super-heated steam on the turbine blades. 
These charges passed along the main shaft to become 
discharged on to the worm drive at the first break in 
the continuity of the system. No information is 
given concerning the condition of the oil in these 
turbines. 


2.24 Attack of an Air-screw Oil-bearing 

In Fig 2 is shown the effect of electrostatic charges 
on an air-screw oil-bearing, which is considerably 
pitted. The centre of the picture shows, at high 
magnification, the appearance of part of the bearing 
surface, with the craters typical of this kind of wear.? 


3. EXPLANATION OF THE EFFECTS 
OBSERVED 


3.1 MECHANISM OF THE VERY RapPID 
OXIDATION OF THE Or 


Some workers, such as Martinet** and Ten 
Broeke,®* ascribed the very rapid oxidation of the oil 
to the formation of ozone, following air ionization 
oceurring when the discharge potential of electro- 
static charges attains a sufficiently high value. Ozone 
is thought to promote oil oxidation by intermediary 
formation of ozonides. 

This ozonization effect has in fact been observed on 
certain tyres in the U.S.A., which showed character- 
istic pitting called “ozone puncture” or “ spark- 
bites.” 16 Rubber is especially sensitive to the action 
of ozone, the formation of which was noted at the 
Dunlop Research Centre (Birmingham) when the 
electrostatic charges, accumulated on the tyre, 
attained a slow current discharge potential in excess 
of 30,000 V; such attack did not occur when the 
rubber had been rendered conducting by addition of 
sufficient animal charcoal.’® 

Whilst the hypothesis of oxidation activation by 
ozone formation is not improbable, it still requires 
experimental confirmation in the case of mineral oils, 
particularly as regards the magnitude of the deleteri- 
ous discharge current potential of the electrostatic 
charges. It is, however, possible to put forward a 
simpler mechanism without calling upon discharge 
effects such as are required for ozonization and such 
mechanism, of oil dehydrogenation,®’? has already 
some confirmation in practical findings. 

The behaviour of oils in oil-filled cables indicates 
that when hydrocarbons are exposed to stresses of not 
less than 100,000 V/cm they can be fairly easily de- 
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hydrogenated. Hydrogen liberation then occurs, and 
also the formation of free radicals which rapidly bind 
any oxygen present with production of acids and 
sludge. 

The thickness of an oil film in a gearing is, at the 
most, a few microns, say of the order of 10+ cm. 
Under these conditions a very slight discharge poten- 
tial, in the region of 100 V, produced by electrostatic 
charges, is equivalent to a stress of the order of a 
million V/cm, or about ten times the minimum value 
required to cause oil dehydrogenation. In fact, the 
discharge potential of electrostatic charges is at least 
1000 V, which represents a value which is detrimental 
to an oil film of a thickness of some tens of microns. 

That oil dehydrogenation under the effect of high 
stresses arising from electrostatic discharge is the 
main cause of accelerated oil oxidation is all the more 
probable for turbine oils, since modern such oils are 
essentially paraffinic in composition with a low (or 
even nil) aromatic content. It is well known that 
paraffin hydrocarbons are easily dehydrogenated, as 
opposed to aromatics, which absorb hydrogen to 
form hydroaromatic compounds; the naphthenic 
hydrocarbons occupy an intermediate position, being 
more difficult to dehydrogenate. 

Prior to the second world war naphthenic oils were 
more commonly used for turbines in Europe, but since 
1945, and following American practice, the use of 
paraffinic oils has become widespread. May this 
change in the type of oil explain the more frequent 
occurrence of “ bad ” turbines? 


3.11 Action of Sulphur in the Accelerated Oxidation of 
Oils 

The observations made with oil from the 1800-kW 
back-pressure turbine (para. 2.12) suggest that a 
significant part in the mechanism of accelerated 
oxidation due to electrostatic charges is played by the 
sulphur compounds present in the oil. 

It is as yet difficult to explain the apparently com- 
plex reactions which occur within the oil and which, 
on the one hand, lead to the progressive elimination 
of the sulphur-containing components and, on the 
other, to the formation of both soluble and insoluble 
organo-ferric compounds. The findings are consistent 
with the sulphur compounds present in the refined 
mineral oil, or at least some of such compounds, being 
less resistant to the action of electrostatic charges 
than are pure hydrocarbons. This problem is still 
under investigation, particularly with a view to identi- 


fying the type of sulphur compounds present in these 
oils. 


3.2 MECHANISM OF WEAR 
3.21 Some General Remarks on Wear 


Study of wear mechanism leads to a controversial 
field, where theory conflicts with experimental fact. It 
is taken almost for granted that wear of moving parts 
is a direct consequence of rupture of the lubricating 
film separating such parts, and all investigations start 
from this assumption in order to explain the mechan- 
ism of such rupture. 

The first effect of friction is heat; hence there is a 
tendency to link the rupture of the lubricating film 
with the local temperature rise. All measurements 
which have been made show that measurable local 
temperature rise is only a small fraction of what would 
be expected from the amount of potential energy 
released by the friction.1® Such difference is not 
satisfactorily explained either by the thermal con- 
ductivity of the rubbing parts or by their shape. 
Experiments show that the heating is essentially a 
discontinuous effect. The temperature curve, such 
as can, for example, be measured by a thermo-junc- 
tion, has always a saw-tooth form, with rapid and 
considerable variation between the maximum and 
minimum values, as though a succession of instan- 
taneous phenomena was involved. Whilst this is 
understandable in the case of a gearing, where contact 
and separation alternate rapidly, it is more difficult to 
explain in the case of continuous sliding, where the 
space between the rubbing surfaces remains constant. 
It would then be expected that the heating would 
progressively increase, which is not the case for a 
normal adequately lubricated system. 

These experimental findings led Blok®* to put 
forward his well-known theory of “ flash tempera- 
ture,” which calls for the production on the surface of 
the rubbing parts of intense but localized instan- 
taneous temperatures, having a maximum duration of 
the order of micro-seconds.* 2% ? ‘ise 

These “‘ flash temperatures ”’ are sufficiently high to 
cause welding between certain points of the rubbing 
surfaces; such welded particles are subsequently 
torn away by the force of friction, and hence wear 
occurs. 

This theory thus allows for a discontinuous 
instantaneous effect, but it does not explain two 
specific points: 

(a) Local welding of rubbing surfaces presupposes a 


* Blok * has put forward a detailed theoretical study of the 
dissipation of frictional heat, of which he distinguishes two 
t 
rimary Dissipation, at short range, in the immediate 
vicinity of the frictional source, leading to primary heating 
or “ flash temperature.” 

Secondary Dissipation, at long range, which takes place 
from the source of the heat towards the cooling surfaces, 
thereby preventing local heat accumulation. This leads to 


secondary heating (the difference between the temperature of 
the part and ambient temperature). . 

The first type involves the heat produced by friction, whilst 
the second type covers other sources of heat. An analogy is 
the heating caused by a spark from an electrostatic discharge 
and that of an electric arc. The former is localized and 
negligible, while the second is extensive and considerable 
(cf para. 4.41), 
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destruction of the lubricant film separating them. It 
is difficult, from a physico-chemical viewpoint, to 
believe that the lubricant film would resist such raised 
local temperatures better than the metal itself and 
that the lubricant would not show traces of such 
thermal effect; a temperature of 500° C will carbonize 
an oil, whilst the welding temperature of the metallic 
particles is very much higher than this. 

In many cases wear of the metal can be noted with- 
out any visible change in the lubricant film due to such 
intense thermal effect; moreover, it could hardly be 
possible for such an oil film to reform immediately 
after being locally destroyed, as is, however, 
apparently the case. This is shown by measurements 
of ohmic resistivity which yield, prior to the final 
destruction of the lubricated surface, a similar saw- 
tooth curve to that noted for the temperature effect, 
with very rapid swings between high and low re- 
sistivity values. 

(b) How is the favourable effect of a film of water, 
in the case of rubbing surfaces of plastic or rubber, to 
be explained when water is, by comparison with oil, a 
very poor lubricant? Frictional heat is very high in 
the case of plastics, which carbonize rapidly on dry 
friction. The difference in thermal conductivity 
between water and oil is not such as to explain the 
very low coefficient of friction noted in the presence 
of a water film. An explanation likewise has to be 
sought for the very low wear of metal parts when 
these are lubricated by an oil-in-water emulsion, when 
the coefficient of friction is less than for pure oil. 
Nevertheless, such lubrication works well for textile 
machinery, steam engines, slow speed marine diesels, 
metal working, etc. 


3.22 Pitting Wear (cf para. 2.2) 

Pitting wear of gear teeth is usually considered as 
a fatigue effect 4” 74 with formation of cavities or 
fissures in the metal.3® 5 

Two somewhat different theories have been put 
forward to explain this effect, the theory of internal 
cracks and the theory of surface cracks: 

(a) The theory of internal cracks follows Hertz in 
considering that the maximum shear stress between 
two loaded points of the gearing occurs beneath the 
surface. Schmitter and Palmgren*® consider that 
such shear stresses cause cracks within the tooth, 
which then spread to the surface. These cracks fill 
with oil and finally rupture by hydraulic force due to 
the applied load, giving rise to pitting. 

According to this view, pitting should be inde- 
pendent of surface wear, whilst tests carried out at 
Thornton Research Centre have shown that pitting is 
linked with the period of heavy wear. In order to 
reconcile experimental results with theory, Evans and 
Tourret admit that surface wear facilitates the opening 
of cracks towards the surface.*® 

(b) The theory of surface cracks put forward by 
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Buckingham and Merritt ?> ™ explains the formation 
of pitting by two successive effects. There first occurs 
hardening of the metal surface by alternating com- 
pression and decompression during operation, and 
intensified by the high and rapidly varying flash 
temperatures, in accordance with Blok’s theory. 
Cracks are then formed under the effects of the high 
stresses thus created, oil penetrates therein, and by 
hydraulic action causes lifting of the metal.1* 

Kuss, Bartel, and Schultze # 4" have been able to 
produce pitting of the metal surface by the destructive 
effects of cavitation caused by alternating and sudden 
compression and decompression. They subjected 
sheets of polished steel to oil pressures of 10,000 atm 
for some hours, followed by sudden decompression. 
Under suitable conditions one cycle is sufficient to 
give the steel plate a blistered appearance, whilst 
after 20 cycles, pitting, with holes of 5-12 » or more 
in depth, becomes apparent. This is similar to the 
effect shown in Fig 8. These experiments indicate a 
rapid and violent effect comparable to that of a shock 
wave.?8 

Similar effects have been noted in the case of ships’ 
propellers ** and the blades of hydraulic turbines,5™ 
where the phenomenon of cavitation results from the 
effect of an ultrasonic shock wave formed by the 
sudden liberation of bubbles of dissolved gas, con- 
sequent upon a sufficiently large diminution of static 
pressure within the flowing liquid. The liquid thereby 
contains two phases instead of one. Initiation of 
cavitation depends, inter alia, on the vapour pressure 
and the content of dissolved gas,** hence again being 
an essentially discontinuous phenomenon having an 
instantaneous and violent effect. 

The theories on the occurrence of pitting do not, 
however, explain why this form of wear does not occur 
with an aqueous emulsion. 


4. RELATIONSHIP OF ELECTROSTATIC 
CHARGES TO FRICTION AND WEAR 


It was pointed out in the preceding section that the 
effects leading to wear arising from sliding and rolling 
are of a discontinuous nature, but can, however, occur 
at high frequency and intensity. 

This leads to the view that the potential energy 
liberated by friction apoears in the form of a shock 
wave, which may, depending on the circumstances, 
be thermal or ultrasonic. 

This would explain the suddenness of the effect and 
its more or less violent action, depending on its 
intensity. 

It does, however, not explain the anomalies pointed 
out in the preceding section, such as the reduction of 
friction and wear in the presence of water, nor the 
differences noted with varying types of oil. For 
instance, why should castor oil, which has a less stable 
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chemical composition than mineral oil, yield better 
results as regards friction and wear? In our view 
this cannot be explained solely by a difference in the 
polarity of the molecule. We are thus led to pre- 
suppose the existence of another parameter in the 
mechanism of friction and wear, in the shape of an 
electric shock wave. 

In other words, friction and wear are governed by 
three different, but not necessarily independent, 
parameters; the mechanical, thermal, and electric 
parameters represented by the corresponding shock 
waves. 

The end effect observed in the three cases remains 
the same, since the liberated energy finally appears in 
the form of heat, but the manner in which this 
potential energy is produced varies considerably, as 
does also the mechanism whereby it is liberated. 
Hence, in order to suppress adverse effects it is neces- 
sary to characterize the mechanism by which potential 
energy is liberated. 


4.1 OccURRENCE OF ELECTROSTATIC PHENOMENA 
IN LUBRICATION 


This was first suggested in 1939 by Kyropoulos,* 
who, like Hardy,*® had been struck by the inconsis- 
tency existing between the structure of a mono- 
molecular film and the measured coefficient of friction. 
Wear reduction in boundary lubrication is generally 
explained by adsorption of polar components of the 
lubricant on the metal surfaces. Lubricating effect 
should increase as the monomolecular film becomes 
more compact, owing to the lesser field strength reduc- 
ing friction. In fact, it is found that the coefficient 
of static friction is higher for long-chain hydrocarbons 
than for the corresponding alcohols and acids, al- 
though according to the accepted theory the acids, 
having a less dense monomolecular film than the 
hydrocarbons and corresponding alcohols, should 
cause more intense friction. This discord between 
theory and observed fact led Kyropoulos to consider 
whether there was not another important parameter 
in boundary lubrication, particularly apparent on 
starting and dependent on static friction. 

Kyropoulos carried out tests with the simple 
apparatus shown in Fig 11, consisting of a polished 
steel shaft rotating at 1700 rev/min, against which a 
piece of polished piston ring rubbed under constant 
load and with a reciprocating motion. The piston 
ring section was held in a clamp, which was either 
insulated or not. The two rubbing surfaces were 
separated by a thin film of oil. 

The first trial used a potential difference of 4-5-45 V 
as measured by a voltmeter in series. The oil film 
prevented the flow of any current. 

Microscopic examination of the surfaces after test 
revealed marked differences between pure mineral oil 
and the same oil containing a polar additive. In the 


former case the shaft surface had numerous scratches, 
of varying depth and running in the direction of 
rotation, whilst with the additive-containing oil the 
scratches were less marked or even absent. 
Kyropoulos tested the effect of several additives 
and compared the results obtained with those forecast 
from the structure of the corresponding mono- 
molecular films. He found, for instance, that methyl 
stearate is less efficient than methyl! dichlorostearate, 
although X-ray examination 1° indicated the presence 
of more complex polymolecular layers for the latter 
than for the former, although the chlorinated material, 
with its greater field strength, should give rise to 
greater boundary friction than the non-chlorinated 
material. This anomaly, however, disappears if the 
electrical conductivities of the two materials are 
compared. ‘The esters of chlorinated fatty acids are 


Fie 11 
KYROPOULOS’ APPARATUS FOR STUDYING EFFECT OF 
ELECTROSTATIC CHARGES * 


much more easily ionized than those of the corre- 
sponding simple fatty acids. The chlorinated deriv- 
ative, being thus more conductive than the non- 
chlorinated, hence prevents the build-up of electro- 
static charges, causing wear. 

To confirm this conclusion Kyropoulos repeated his 
test, first with the holding clamp insulated so as to 
favour the creation of an electric field, and then with 
the system shorted by a copper wire connecting the 
clamp to the shaft, to abolish any electric field. 

In the case of the insulated system, tests with pure 
mineral oil resulted in a heavily scratched shaft 
surface, but in the case of the short-circuited test the 
shaft remained quite smooth. The wear produced 
was thus due to electrostatic charges, and shorting the 
system had the same effect as that previously noted 
for oil containing an oiliness additive. When these 
tests were carried out with oil containing 1 per cent 
of methyl dichlorostearate, the differences between 
insulated and non-insulated conditions were much less 
marked, whilst an increase in additive concentration 
to 2 per cent eliminated all wear, even in the insulated 
system. Kyropoulos hence concluded that under 
suitable test conditions electrostatic charges could be 
formed, provided that the electrical conductivity of 
the oil was not too high. These tests weaken the 
generally accepted view that reduction in metal 
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surface wear is due to protection afforded by adsorp- 
tion of polar groups present in oil, since such protective 
film should already have been formed with 1 per cent 
of the additive. 

Cathode-ray oscillograph measurements confirmed 
Kyropoulos’ findings and showed very rapid appear- 
ance and disappearance of electrostatic charges, 500 
charges and discharges per minute being recorded at 
a shaft speed of 1700 rev/min, whilst when the shaft 
was rotated slowly by hand the number was very 
much less. No steady electric field is created, but a 
sequence of uni-directional fields rapidly appears and 
disappears, acting as a continuous current. 

The same discontinuous effect, characterized by a 
saw-tooth curve as for temperature or ohmic resistance 
measurements in friction tests, is thus seen in this 
case also. 


4.2 ELEcTROSTATIC CHARGES IN PITTING WEAR 


The concept of electrostatic charges leads to a 
simpler explanation of the mechanism of pitting wear. 
Charges produced by rupture of the previously com- 
pressed gas-saturated oil film are discharged as soon 
as the potential difference exceeds the electric strength 
of the oil film. The discharge spark gives rise to very 
localized temperature rise, as in Blok’s theory, and 
melting of the metal at the spark site; this occurs on 
a sub-microscopic scale (see Fig 8). 

The effect produced is hence that of a shock wave, 
and it must be considered that the insulating power 
of the oil is not affected by the local pressure rise. It 
will be seen below (para. 5.1) that the electric strength 
of an oil under a shock wave does not change with 
applied pressure, in contrast to the effect when there 
is a prolonged application of voltage. 

The intensity of the effect and the rate at which it 
occurs can be estimated by a simple calculation. If 
there is an electrostatic charge of 1000 V (a lower 
limit) and an oil film thickness between gear-teeth of 
10 cm (representing an upper limit) the potential 
gradient is of the order of 107 V/cm. If the slow dis- 
charge current is 10° A (which represents a maximum 
limit, since currents actually measured vary between 
10-§ and 10° A), then the oil film must have a re- 
sistivity greater than 10!° ohm-cm for there to be no 
breakdown. When the intensity of the slow discharge 
current falls to 10-5 or 10-8 A, the minimum resistance 
of the oil film must exceed 10?” or 1015 ohm-cm, values 
which are difficult to attain with pure commercial 
mineral oils, even of high stability. 

If the potential difference of the slow discharge 
current should be as high as 10,000 V, which is not an 
excessive figure, then the ohmic resistance of the oil 
film is clearly inadequate to prevent discharge of 
electrostatic charges that are produced. 

Turning now to the frequency of the effect, and 
taking as example the gearing of the 8000-kW turbine 
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previously discussed (para. 2.21), there are 16 teeth 
revolving at 3000 rev/min, t.e. duration of one revolu- 
tion is 0-02 sec. A group of teeth touch and separate 
in 0-02/16 or about a milli-second, which corresponds 
to the speed of a shock wave. 

Electrostatic charges are formed and discharged at 
the rate of 800 per second, so that the total of charges 
and discharges after 500 hours operation is 14-4 x 108. 
It will be remembered that in the case of this gearing 
the first visible pitting was noted after 500 hours 
(para. 2.11). 

Pitting at this rate on a very restricted contact area 
finally becomes visible to the naked eye; faulty mesh- 
ing between the teeth then facilitates tearing away of 
metal from the highly pitted area. 

This explanation does not necessarily conflict with 
the existence of internal stresses within the metal, 
which may well represent an additional parameter, 
but it does, however, show that the effect may 
eventually be produced in all cases where conditions 
favourable to the generation of significant electrostatic 
charges exist. This view also answers the objection 
to the crack theories (para. 3.22 (a), (b)) concerning the 
absence of pitting wear with water, with which ap- 
preciable electrostatic charges cannot be formed. 


4.3 ELECTROSTATIC CHARGES IN 
Striping WEAR 


In their fundamental study of sliding at a very slow 
rate (of the order of 0-1 mm/sec) Bowden and Tabor * 
showed that a discontinuity was involved; the halts 
alternate with very limited advances, the effect being 
known as “stick and slip.” By simultaneously re- 
cording changes in the conductivity of the system and 
the friction force, they noted an increase both in the 
friction force and in the resistivity during the “ stick ” 
period, whilst during the “slip” phase these two 
parameters rapidly returned to their original values. 

Two different explanations have been put forward 
for these findings: (a) the thermal explanation of 
Bowden, and (b) the electrostatic explanation of 
Schnurmann. 

(a) The thermal explanation of Bowden and his 
co-workers,® based on the flash temperature theory of 
Blok,®* is that local surface heating generated by 
friction produces local melting of metals in contact, 
which stops sliding, and that sliding resumes when 
the applied force becomes sufficient to tear away the 
welded particles, and hence we have wear by tearing. 
This question of local melting is a controversial point 
in the theory of friction.*° 

(b) The electrostatic view of Schnurmann explains 
the effect as being due to the formation of electrostatic 
charges by the friction force, which opposes the move- 
ment of the slipping part. This latter remains 
stationary as long as the charges persist, but when 
they attain a potential difference greater than that of 
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the electric strength of the oil film the charges are 
dissipated by a sudden discharge and slip resumes. 

Both views agree on considerable local heating, of 
a duration of a micro-second or less, and divergence 
between them is not with respect to the end effect 
noted but concerns the mechanism whereby such effect 
is produced. 

If a purely thermal action were involved it should 
be independent of the lubricating medium, but this is 
not the case. 

Schnurmann ® noted a close relationship between 
amplitude of the jerky movement and the nature of 
the lubricant. The important parameter was not the 
dielectric constant of the film, as in the case of thermo- 
electric effects, but the insulating power, as indicated 
by electric strength. Thus, castor oil, which has a 
higher dielectric constant than mineral oil, shows a 
less marked effect because its electric strength is below 
that of mineral oil. The effect is practically 
entirely suppressed in a conducting medium, as may 
be noted in the presence of moisture. * 


4.4 COMPARISON WITH KNOWN OBSERVED EFFECTS 


The electrostatic viewpoint yields an explanation 
for certain effects, at present unexplained, because of 
their divergence from generally accepted theory. 

4.41 Shape of the heating curve, with its charac- 
teristic serrated form, is more easily explainable if 
the formation of electrostatic charges, and their 
sudden discharge, is admitted; similarly with the 
considerable difference noted between the maximum 
temperature and average heating of moving parts. 
It must be borne in mind that energy liberated by 
electrostatic discharge is, despite the high voltage, 
very much less than that liberated by an arc in a 
circuit; owing to its very short duration, the intensity 
involved by the electrostatic discharge appears as 
very weak (10-5 A max), hence an electrostatic dis- 
charge can never produce an arc, which is a high 
intensity effect, but only a spark.* 

The high temperature produced by an electrostatic 
discharge spark on a minute point is rapidly dissi- 
pated, without giving rise to any more generalized 
significant heating. Mention may be made of the 
classical experiment with the Wimshurst machine in 
which a spark is drawn from the nose of a person 
holding one of the terminals; this spark produces a 
slight tingling but does not burn, whilst if the same 
test were carried out with a permanent source of 
current, direct or alternating, and even at low 
voltage, the consequences would be very different. 
This difference between the two experiments is simply 
explainable by the requirement for a certain minimum 


energy to cause significant heating, a point which 
seems to have been overlooked in many cases. 

The spot on the metal which is touched by the 
electrostatic discharge spark undergoes “‘ flash heat- 
ing,” and the initially invisible effect may eventually 
become apparent if this sparking is repeated on the 
same spot many times. This applies for a gearing, 
where the teeth come into contact over a very limited 
and invariable area, and the frequency of which has 
been previously considered (cf para. 4.2). 


4.42 Electrostatic Charges and Wear 


In a lubricated system visible wear is never im- 
mediate, but results from a frequently repeated effect 
operative for a considerable time. There is, however, 
an exception to this rule, and that is wear in the case 
of dry friction; such wear is immediate, but is 
different from that of lubricated friction. Dry 
friction leads to wear by tearing, whilst lubricated 
friction results in wear by abrasion, by flaking, or by 
pitting, if we omit corrosive wear. 

Electrostatic charges cannot be involved in dry 
friction, since metals in immediate contact are con- 
ductors. The presence of an intermediary medium 
of low conductivity, or even an insulant, is necessary 
to permit electrostatic charges to build up. The 
question can even arise whether the fundamental 
difference between wear by dry friction and that in 
lubricated friction may not be due to the absence of 
electrostatic charges in dry friction. Mention is fre- 
quently made of a link between wear and rupture of 
the oil film (Tudor and Kenyon °), without an explana- 
tion being given, however, of how the ruptured film 
can immediately reform, as does in fact happen. 

The electrostatic hypothesis enables wear to be 
explained, without involving rupture of the oil film, 
by the effect of electrical shock waves which pass 
through the film without destroying it. 

Practical experience shows that, once destroyed, an 
oil film is reformed only with difficulty, and wear by 
tearing, characteristic of dry friction, is then evident. 


4.43 Coefficient of Friction and Electrostatic Charges 


The electrostatic theory gives a simple explanation 
of the favourable effect of water as a lubricant, both 
in the case of lubrication of metal by an aqueous 
emulsion and of rubber 15° or plastics 2 55 by pure 
water. The presence of water, a conducting medium, 
prevents formation of electrostatic charges, or else 
permits formation of only very weak charges, which 
have no adverse effect. Good lubrication, with nil or 
very low wear, is reflected by a very low coefficient of 
friction, whilst inadequate lubrication with more pro- 
nounced wear is linked with a higher coefficient of 


* Formation of a spark discharge between two metallic 
contacts is, irrespective of the spacing between them, 
only possible at a minimum potential of 300 V; this minimum 


sparking voltage increases with the space between the 
contacts.*% 
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friction. However, the coefficient of friction only de- 
fines the magnitude of the forces opposing the sliding 
force applied to the system, and it may be that the 
variation in coefficient of friction sometimes observed 
may be more simply explained by formation or dis- 
appearance of electrostatic charges. When an electric 
field is formed round a moving system the coefficient 
of friction is thereby increased and, likewise, the wear, 
as shown by the work of Kyropoulos (cf para. 4.1). 
The difference between static friction, governing the 
starting condition, and kinetic friction, governing the 
conditions of continuous sliding, could be ascribed to 
the formation of electrostatic charges during the 
starting period, and their eventual disappearance 
when the insulating power of the oil film becomes 
inadequate to enable such charges to be retained. 

Data are not yet available to specify the time 
necessary for the formation of electrostatic charges of 
sufficient potential, but it is clear that such time must 
be very short. Thus, in tests with the Wimshurst 
machine, less than a complete revolution is sufficient 
to charge a well-insulated system. Likewise, in the 
tyre tests carried out at the Dunlop Research Centre 
(cf para. 1.21 (a)) the electrostatic charges generated 
in an insulated tyre rolling on a dry smooth road 
attain equilibrium after as short a distance as 15 yards, 
corresponding to a time of less than one second if we 
take an average speed of 40 m.p.h. Formation of an 
oil film might be explained on this basis, and in fact 
an oil film is in practice formed very much more 
rapidly than is suggested by the generally accepted 
theory. Cameron ?* states, “ if the formation of this 
oil film at low speeds can be explained, the lubrication 
of gears would be better understood.” 

An oil film forms at very low speeds whilst, accord- 
ing to classical lubrication theory, the thickness of an 
oil film should, at a given load, vary proportionately 
with the speed. 

Electrostatic charges are formed independently of 
speed,®! but the potential difference that an oil film 
can withstand increases with film thickness, which 
latter increases with rotational speed. For electro- 
static charges at a constant potential difference, the 
voltage gradient in the oil film must diminish after 
starting, as the film thickness increases, which like- 
wise decreases the strength of the forces opposed to 
movement, measured by the coefficient of friction. 
Such a view brings experimental fact into line with 
theory. 

In this connexion reference may be made to the 
favourable effect of used oil,*° and likewise of extreme 
pressure additives.“ * 

Such improvement may in both cases be explained 
‘by increase in conductivity of the medium and also by 
a change in the rubbing surfaces, which are made more 


conducting by sulphiding, chloriding, or phosphating ; 
e.g. iron sulphide or chloride is a better conductor 
than the oxide. However, the effect in such cases is 
not permanent; moreover, oxidized oil has obvious 
drawbacks which restrict its use, whilst metallic 
surfaces that have been chemically modified by E.P. 
additives are more vulnerable and require more fre- 
quent renewal. E.P. oils have a lower electric 
strength than pure mineral oils. 


4.44 Electrostatic Charges and Types of Wear 

It is possible that some types of wear may be 
directly linked with the formation and destruction of 
electrostatic charges within the lubricated system. 

It is noteworthy that if results of wear tests carried 
out in the presence of radioactive materials *7 5° are 
examined it is found that wear is far less than under 
similar circumstances but in the absence of radio- 
activity. 

Radioactive tracer tests were designed to obtain 
more rapid information about the commencement of 
wear not detectable by other methods. However, 
certain tests carried out for some hundreds of hours 
appear to have shown relatively little wear. A strik- 
ing feature is that tests carried out with radioactive 
gears make no mention, among the types of wear 
noted, of pitting wear, which is, however, common 
with this type of equipment.* Is it to be deduced 
that there was no pitting wear because the test 
duration was too short, or was it that such wear does 
not occur in a radioactive, i.e. ionized, material, where 
the formation of electrostatic charges must be ex- 
cluded? It would be of considerable importance to 
check this point. 


4.45 Stick-slip Effect 

The foregoing likewise applies to the discontinuous 
sliding effect known as “ stick and slip.” As far as 
we are aware, no study of this with a radioactive slider 
has been made, nor with a graphite-containing oil. 
Such tests would enable an explanation to be given 
of intermittent sliding at very low speeds. If con- 
tinuous sliding in place of intermittent were to occur, 
because the medium had been rendered conducting 
by the graphite or had been ionized by the radioactive 
material, then this would support the electrostatic 
hypothesis. 

Such hypothesis is in fact supported by certain 
known facts. Intermittent sliding does not occur in 
a system lubricated by a fatty acid, either. because the 
intermediate film has a better conductivity or else 
because its electric strength is less. Schnurmann ™ 
has noted that the addition of 1 per cent of caprylic 
acid to a mineral oil lowers the electric strength from 
45 to 16 kV. 


* E.P. additives suppress welding between rubbing surfaces 
by forming surface films which are more easily fusible than a 
metal oxide film; their favourable effect may also be ex- 
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plained by increased conductivity of surface films preventing 
formation of electrostatic charges. 
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5. SUMMARY OF PRESENT KNOWLEDGE 
CONCERNING THE ELECTRICAL PRO- 
PERTIES OF THIN OIL FILMS 


The part played by electrostatic charges in lubri- 
cation is governed by the dielectric properties of the 
lubricant film. Our knowledge of dielectric properties 
of mineral oils is largely based on information obtained 
from layers of considerable thickness, as compared 
with that of a lubricating film. Thus, for example, 
electric strength is generally measured at gaps of the 
order of a millimetre as an absolute minimum, whilst 
such a thickness is an absolute maximum for a 
lubricating film. 

It must therefore be considered whether data 
yielded by such measurements on layers which, from 
the lubricating aspect, are ‘‘ thick,” remain valid for 
the thin layers involved in lubrication. In the pre- 
ceding sections of this paper, when considering the 
conditions governing the production and dissipation 
of electrostatic charges, a distinction was made 
between the conductivity and the electric strength of 
an oil film. Such distinction may appear to be un- 
justified, since generally speaking a high conductivity 
is characteristic of a system having a low electric 
strength, and vice versa. We have, however, con- 
sidered these two parameters separately, both because 
the available experimental results are very often con- 
cerned with only one of them, and also because our 
fundamental knowledge is as yet inadequate to state 
with certainty that, in the case of a very thin layer of 
oil, electrical conductivity and electric strength do in 
fact represent two aspects of the same fundamental 
effect. These doubts will later be seen to be justified 
(para. 5.2). 


5.1 STRENGTH 


In lubrication phenomena electric strength under a 
shock wave (impulse) has to be considered (para. 4). 
This must be emphasized, since the factors which 
govern the value of electric strength are different for 
the two types of breakdown, i.e. under impulse or by 
the prolonged application of voltage. 

In the case of impulse breakdown, solid impurities 
in the oil do not have an effect, although such is very 
marked in the other type of breakdown. In impulse 
tests a pure or impure liquid gives practically the same 
results. From the electrical aspect a lubricating film 
is an impure liquid. 

The effect of temperature is the same for both types 
of breakdown, an increase lowering the electric 
strength * (see Fig 12). It will be recalled that, in a 
lubricating system, wear increases with rising tem- 
peratures; the two effects are hence consistent. 

The effect of pressure is different. It is practically 
nil for impulse breakdown, at least as far as the 
limited pressure range hitherto examined is concerned, 
which is lower than pressures involved in boundary 


lubrication, which may be as high as 20,000 kg/cm?. 
In the case of breakdown by prolonged voltage 
application, the electric strength does, within certain 
limits, increase with pressure (Figs 13, 14). 
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VARIATION OF ELECTRIC STRENGTH (IMPULSE) OF LOW 
VISCOSITY MINERAL OIL WITH PRESSURE (scoTT °*) 


The potential of electrostatic charges produced, e.g. 
in a gearing, depends on the pressure to which the oil 
film is submitted before sudden release. The gap 
between the potential of electrostatic charges pro- 
duced and the electric strength of the oil thus in- 
creases rapidly with such prior compression. 

Electric strength, at appropriate polarity, increases 
if the electric field is not homogeneous, e.g. in the case 
of disk/point or point/point pairs.*® 

In the case of lubrication, the existence of a non- 
homogeneous field appears the more probable, since 
discharges are produced between inequalities of rub- 
bing surfaces. The effect of the nature of the 
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electrodes is still the subject of controversy.** ® 
Chemical constitution of the medium appears to play 
a part as yet ill-defined. Measurements made with 
carefully degassed pure hydrocarbons have shown that 
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VARIATION OF ELECTRIC STRENGTH (FROLONGED APPLICATION 
OF VOLTAGE) OF LOW VISCOSITY MINERAL OIL WITH 
PRESSURE (CLARK ?°) 


electric strength is greater for n-paraffins than for 
iso-paraffins of the same number of carbon atoms 
(see Table ITI).45® Such difference may be ex- 


Taste III 
Dielectric Strength of Very Pure Hydrocarbons 
(J. T. Lewis 454) 


| Deter- | Deter- 
n- reak- oreak - 
| Paraffins | down |  ‘80-Paraffins down 
' | strength, | | strength, 
| | megavolts | megavolts 
C5 | n-pentane 1-0 | 
C® | n-hexane | 3-methyl-pentane | 1-03 
C’ | n-heptane | 1-2 | 3-methyl-hexane — 1-12 
C® |n-octane 1-3 | 2-methyl-heptane 
| 3-methyl-heptane | 1-20 


| 


plained by the energy required to initiate dehydro- 
genation of the molecules, which is less when a more 
labile tertiary carbon atom is present. Without 
going into the electric breakdown mechanism of 
hydrocarbons,’ ** which is outside the scope of the 
present paper, it may be mentioned that the gases 
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present in the liquid, particularly if forming a dis- 
persed phase, lower the electric strength appreciably 
and that such a condition almost always applies in 
lubrication. 


5.2 ELecrricaL CONDUCTIVITY 


The recorded values of electrical conductivity have 
been determined for liquids in very thick layers, of the 
order of a few millimetres. The problem arises 
whether the findings are still valid for very thin films 
of a thickness 1-10 microns, such as are involved 
in lubrication. This follows from the work of 
Bruninghaus, who, as far as we are aware, was the 
first to examine the electrical behaviour of very thin 
films of oil. His work is little-known, and sufficiently 
important to be considered here in some detail. 
Bruninghaus’ * first tests were with films of oil the 
thickness of which varied between one and some tens of 
microns; these were subjected to a potential difference 
up to 110 V. He demonstrated the existence of a 
very thin zone, wherein the oil ceased to act as an 
insulator and behaved as a metallic conductor, with- 
out, however, there being any direct contact between 
the metal electrodes of the test cell. 

This zone varied, depending whether transfer was 
from the insulating to the conducting state or vice 
versa. Starting with a film having a thickness of a 
few tens of microns, and working with 110 V, the 
system was a perfect insulator, but on progressively 
diminishing the thickness of the film between the 
electrodes the oil became a conductor, starting at a 
thickness of about 10 microns. However, on revers- 
ing the experiment and increasing the oil film thick- 
ness, the insulating zone was attained only at a 
thickness of 10-20 microns, and it was sometimes 
found necessary to increase this value to 70 microns 
before the oil regained its insulating state. The effect 
was completely reversible; there hence exists a zone, 
varying from a few to a few tens of microns in thick- 
ness, where, depending upon the conditions, the oil 
film can behave either as a perfect insulant or else as 
a metallic conductor. When working with electrodes 
having a fixed spacing of 10 microns, the effect varied 
with the rate at which the voltage was increased. 

The test equipment consisted of a fixed steel 
electrode of 1 em diameter, of slightly convex shape, 
and a movable plane brass electrode of slightly larger 
diameter, carefully polished, the position of which is 
regulated by a micrometer screw. A drop of oil was 
introduced between the electrodes, and the voltage 
varied between 0 and 110, the current being indicated 
by a sensitive galvanometer. 

When voltage was slowly increased, by a volt or 
fraction thereof at a time, the current was nil or very 
small, even if the potential difference attained 110 V, 
corresponding to a potential gradient greater than 
100,000 V/cm. If, however, the voltage was in- 
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creased more rapidly, say in 10-V steps, then no 
current was noted for small potential differences, 
followed by a somewhat erratic current flow, which 
increased with rising voltage. Frequently a con- 
siderable current was even observed, as though the 
apparatus had been suddenly short-circuited, and 
such effect always occurred if the voltage of 110 was 
suddenly applied. No short circuit was, however, 
involved and no stripping of metal was noted on the 
electrodes. On restricting the current intensity to a 
few milliamps, by means of a shunt, no electrode 
corrosion could be seen, and the oil remained limpid. 
It is not impossible that the oil could retain some 
microscopical metal particles, which, however, would 
not suffice to cause a short-circuit between the 
electrodes, capable of carrying more than 10 A at 
110 V, as was observed by Bruninghaus. Moreover, 
it is well known that colloidal metals, even in con- 
centrated solution, still show appreciable resistivity. 
Bruninghaus confirmed that gasoline containing fine 
brass filings is as good an insulant as ordinary gasoline 
and that the conductivity limit is the same in both 
cases. A test with oil that had been passed through 
a porcelain filter crucible gave a similar result. 

When the applied voltage was reduced to some tens 
of volts, i.e. a potential gradient of some tens of 
thousands of volts/cm, the oil film immediately be- 
haved as an insulant; the effect was reversible and 
reproducible. Transfer to the conducting state oc- 
curred invisibly and silently, without spark or brush 
discharge. The reverse transfer from the conducting 
to the insulating state was progressive and accom- 
panied by discharges which simultaneously damaged 
both the metal and the oil, unless precautions were 
taken to reduce the current to a sufficiently low value, 
of the order of 10° A. 

Bruninghaus ** repeated his tests with improved 
apparatus, enabling him to measure the electrode 
spacing with an accuracy of better than a micron and 
the current down to 10-8 A. He noted, between the 
perfect contact and non-contact zones, an inter- 
mediary unstable region of low conductivity which 
varied between 1 and 15 microns, depending whether 
transfer was from the insulating to the conducting 
state or vice versa. These findings were confirmed 
for smaller currents of 6 mA, andevenaslowas0-9mA. 

Needs *! independently reported similar findings in 
1940. He found that at a potential difference of 
0-025 V an oil film 2-5 microns thick began to be 
conductive and that a film of thickness 1-5 microns 
had a conductivity equal to that of copper. The 
potential gradient involved in his test was of the order 
of 10° V/cm. 

Such observations lead to conclusions of consider- 
able interest as regards lubrication. The high- 
conductivity effect, and those involved in the inter- 
mediary region, were observed for film thicknesses 
similar to those occurring in hydrodynamic and 


boundary lubrication. Hence, a low resistivity of a 
lubricating film does not, as has been generally 
thought, necessarily indicate that there has been film 
rupture and direct contact between the moving metals. 
The results of Lane and Hughes “* hence become more 
comprehensible; they measured the thickness of the 
oil film between gear teeth by means of its ohmic 
resistivity and noted an unexpected rapid succession 
of high and low values. The low resistance of their 
oil film does not indicate rupture of the film and direct 
metal contact, but can be explained by a change in 
the electrical behaviour of the film, which varies 
between the insulating and conducting states. 

The effect of pressure on the electric state of an 
oil film has not yet been studied, but may well exist. 
This could explain decrease of coefficient of friction 
and decrease of wear in lubricated systems at very 
small and increasing loading, where Amonton’s law 
does not hold. It would be interesting to determine 
whether such reduction in coefficient of friction might 
not be linked with an increase in conductivity of the 
oil film, as a result of increasing pressure. The high 
conductivity of thin lubricating films would also ex- 
plain the very favourable effect observed in frictional 
systems lubricated by a dilute solution of fatty acids. 
It is difficult to ascribe this to an increase in con- 
ductivity of the solution, or to a decrease in its electric 
strength, but the effect might be more understandable 
if we consider only the adsorbed lubricating film 
formed between the rubbing surfaces. 

Whilst the high-conductivity effect in lubricating 
films enables us to comprehend the mechanism of 
sliding wear, it does not seem to have the same 
significance in the case of rolling wear, especially 
where pitting is concerned. It is known that the 
addition of anti-wear agents to oil (and such agents 
are all conductors), despite an increase in the con- 
ductivity of the medium (cf paras 1.24 and 2.13) does 
not suppress pitting,®* except in the case of relatively 
weak electrostatic charges. The magnitude of electro- 
static charges produced within a gear system is a 
direct function of the prior compression of the oil 
film between the teeth. In this type of wear the 
electric strength is apparently the predominating 
parameter. The high conductivity of an oil film 
explains the improvement in lubrication resulting 
from a pressure increase. This effect is generally 
ascribed to solidification of the oil film under the 
effect of high pressure, without, however, direct 
experimental proof being available.“4 It might be 
that this effect would be more satisfactorily explained 
by the high electrical conductivity of the oil film under 
high pressure. 

Such high-conductivity effect has been applied in 
practice in the lubrication of electrical contacts, such 
as those in telephone exchanges. Contact is greatly 
improved when a thin film of oil is introduced between 
the switch blades. The 30-year old investigations of 
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Bruninghaus may find other interesting applications 
in the field of lubrication, thanks to the research 
methods available to-day. 


5.3 Part PLavyep By WATER IN 
ELECTRICAL PHENOMENA 


We have a final aspect to consider, and that is the 
part which is played by traces of water in electrical 
effects in oils. 

Bruninghaus 1 made some interesting observations 
during his early tests. He used two brass disks, 
35 mm in diameter, flat with slightly rounded edges, 
and carefully polished. These disks were 30 microns 
apart, separation being by three small mica spacers. 
The whole was immersed in a white oil which had 
been dried at 120° C for two hours. By raising and 
lowering the upper electrode the space between the 
electrodes was filled with oil. The whole apparatus 
was placed under a glass cover containing P,O;. A 
potential difference of 6 volts was applied, correspond- 
ing to a potential gradient of 2 kV/cm, and the current 
flowing through the cell was measured by a galvano- 
meter. Every now and then a sudden flow of current, 
of variable intensity and duration, was noted. For 
the first three hours the galvanometer reading showed 
a generally increasing current swinging from about 
10 to 10°!° A with a frequency from one to several 
seconds. The impulses then increased, and then 
progressively decreased, finally attaining, during the 
fifth hour, relative stability at a value of about 
1:5 x 107° A. In addition to this permanent current 
which varied very slowly, electrical surges of random 
magnitude and duration were also noted. After 
continuing this test for over a week the oil became 
a complete insulant, without any flow of current 
detectable by a galvanometer having a sensitivity of 
104 A. 

Bruninghaus attributed this passage of a permanent 
current to the presence of traces of water vapour, 
which were only eliminated after a week’s exposure to 
phosphorus pentoxide. 

These findings concerning the effect of traces of 
water on the electrical properties of an oil film may 
be linked with the results in the field of lubrication 
obtained by Tingle,’?° who showed that the favourable 
effect on sliding produced by a film of fatty acid was 
noted only in the presence of moisture. The manner 
in which moisture acts instantaneously is not yet 
completely understood and appears to vary with the 
nature of the metal (cf Hirst *5). The favourable 
effect of moisture is most rapid in the case of steel; it 
can be noted for magnesium and cadmium after a 
quick wash with cold water, whilst copper requires 
two minutes treatment with boiling water. 

Such behaviour differences, as for example in the 
case of cadmium and copper, have been confirmed by 
the work of Bowden and Moore," who carried out 
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sliding tests on a radioactive metal surface lubricated 
by fatty acids, subsequently determining the radio- 
activity of the removed lubricating film to measure 
the extent of metal transfer occurring during sliding. 
They observed considerable radioactivity with cad- 
mium but only a slow reaction with copper. 


CONCLUSIONS 


The considerable extent of our survey indicates that 
electrostatic effects may occur during lubrication of 
machinery and that destructive effects, which can be 
severe, may result both for lubricant and metallic 
surfaces. 

An analysis of these effects has led us to the concept 
of a shock wave as being the primary cause of wear 
both of metal and lubricating film. Such shock wave 
may, depending on the circumstances, be mechanical, 
thermal, or electrical. Its final effect, the production 
of heat, remains the same but the mechanism varies 
with the type of shock wave involved. Divergencies 
which exist between theory and practice may be 
explicable by the inadequate attention hitherto paid 
to such various possible mechanisms. 

By introducing into our ideas of lubrication the 
electrostatic viewpoint, it is possible to explain a 
number of experimental facts hitherto difficult to 
understand. 

Finally, we have considered the peculiar behaviour 
of thin oil films responsible for hydrodynamic and 
boundary lubrication, and which may under certain 
circumstances lose their insulant properties and 
become as good electrical conductors as metal. This 
high-conductivity effect, first described by Bruning- 
haus, enables certain lubrication ‘‘ anomalies ’”’ to be 
explained, particularly if the part played by minute 
traces of water is borne in mind. Nevertheless, we 
are not yet in a position to suggest a new theory, since 
certain essential direct proofs are still lacking, but the 
facts which have been collected are sufficient pre- 
sumptive evidence to justify further research in 
this field. 

Such research is, on the one hand, necessary for 
the better understanding of the mechanism of lubrica- 
tion and of friction wear. Vogelpohl * has rightly 
pointed out that our knowledge of the lubrication 
process is by no means complete nor is it founded on 
a uniform basis, whilst our knowledge of friction is 
still very deficient, particularly with respect to the 
structure of the field forces involved. 

On the other hand, such research has a definite 
practical purpose in enabling us better to utilize 
machinery and equipment. The fight against friction 
wear is important, and the effects to be studied cover 
a wide field of science. Further research will thus 
require close collaboration between physicists, 
chemists, and electrical engineers, not forgetting the 
main beneficiary, the mechanical engineer. The 
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thought inspiring such research can well be based on 
the maxim of Descartes, that he who searches for 
truth must be sceptical of everything. 
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APPENDIX 


Since the above paper was written several important 
relevant publications have appeared and the gist of these is 
indicated below under the section headings to which they refer. 

1.1. The work of Luther and his school at Brunswick **: *7 
shows the important part played by “ impurities ’’ present in 
-_ liquid in the production of electrostatic charges during 

ow. 

Very pure liquids, and hence of high resistivity, such as n- 
heptane, do not on flow give rise to electrostatic charges or 
else only to very weak charges, depending upon the nature of 
the metal concerned. This confirms the previous findings of 
Bruninghaus 7° and Nitka.*® 

The nature of impurities deliberately added to a pure liquid 
governs not only the growth of the charges produced but also 
their sign. In some cases sign reversal is observed as the 
concentration of impurities is raised. 

Such “ impurities ’’ may also result from oxidation of the 
hydrocarbon.*’ Thus, a refined gas oil oxidized at 110°C 
with oxygen in the presence of copper gives rise, on flowing 
through a platinum capillary, to larger electrostatic charges 
than the same material unoxidized. Moreover, initially 
positive charges finally become negative; therefore sign 
reversal in electrostatic charges arising from flow is not due 
to fortuitious causes, as has been suggested by some workers. 
The nature of the metal plays an important part in the 
production of electrostatic charges by flow. 

A very detailed theoretical study of the production of 
electrostatic charges has been published by Harper,** the 


consideration of which is, however, outside the scope of the 
resent paper. 

1.21 (6). Rules laid down to eliminate explosion hazard 
during fuel transfer have been found inadequate for high 
pumping rates with linear speeds attaining as much as 18 
m/sec, the safety limit being at an approximate speed of 
1-3 m/sec. Such high pumping rates can, for example, occur 
during refuelling of jet aircraft. This problem has been the 
subject of detailed study by workers from the Shell *' **~* and 
Esso **-* companies. In November 1957 a symposium was 
held by the API in Chicago on the handling of distillate fuels, 
during which such problems were examined.**": Among 
fresh solutions which were put forward, mention may be made 
of the use of antistatic additives, which when added to fuel at 
very low concentration (a few p.p.m.) raise the conductivity 
of the fuel to a level sufficiently high to prevent the formation 
of significant and harmful electrostatic charges, even when 
high linear speeds are employed during fuel transfer.**® ** The 
use of radioactive sources to reduce electrostatic charges 
within storage tanks has also been suggested.*! 

4.3 (b). Sohl, Gaynor, and Skinner °° of the Case Institute 
of Technology in Cleveland have published an important 
paper dealing with the electric effects accompanying the 
stick/slip phenomena of sliding of metals on plastics and 
lubricated surfaces, which confirms the view of Schnurmann 
relative to the presence of an electrostatic component in the 
stick/slip effect. The mechanism of this effect is currently 
under examination by the above-mentioned workers. 


DISCUSSION 


Dr R. Schnurmann: Dr Salomon is to be congratulated 
on the wealth of information which he has put before us, 
on his courage in tackling problems in heavy electrical 
engineering by means of observations which come from 
the laboratory bench, and on the logical development of 
his theme. 

There is one thread running through Dr Salomon’s dis- 
cussion. This is the possibility of removing some of the 
detrimental effects which may originate from the building 
up of electrostatic charges by short-circuiting the two 
friction components. This, of course, somehow depends 
on the aspect which one prefers, or which one thinks to 
be valid with regard to the generation of electrostatic 
charges. As I understand it, in considering the two 
possible mechanisms of tribo-electrification, on the one 
hand, and contact electrification, on the other, Dr 
Salomon comes down very heavily in favour of tribo- 
electrification. This means that one has to rub hard if 
one wants to separate charges. 

There are, however, experiments to show that one will 
obtain quite an appreciable charge separation even under 
conditions of very slight frictional forces. There is no 
doubt that the charge separation could be increased by 
hard rubbing which will change the size of the contact 
areas and that even a change of sign of the charges can 
be produced that are separated on various components. 
However, there is always this very simple experiment 
which never fails unless it is done in pouring rain. Take 
a glass beaker with some sand or silica flour in it and pour 
the particles gently on to a collector plate of an electro- 
scope. Either the silica flour or the sand carries away 
from its contact with the glass walls negative charges and 
the glass beaker retains the corresponding positive 
char, In this experiment the particles are so small 
that the frictional forces are very minute, but of course 
there is a large ratio between surface area and weight. 
The same demonstration could be given in a more 
spectacular manner by making a double contact, so to 
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speak. The particles are poured first from a vessel, from 
which they carry away negative charges, and then passed 
through a second vessel, say a metal funnel, from the 
contact of which they carry away positive charges on 
their way to the collector plate of the electroscope. One 
can then observe the leaves of the electroscope diverging 
a little, going together, and then diverging again, this 
last time with a positive charge. 

There is thus no doubt that, ab initio, we deal with 
contact electrification. This condition may be changed 
very considerably by a drastic alteration of the force of 
friction between the two contacting materials. For 
example, let silica sand be poured from a copper vessel. 
Again, particles of silica carry away negative charges 
and the copper vessel retains the corresponding positive 
charges. However, if instead of this a solid rod of silica 
is taken and rubbed hard with a solid rod of copper, so 
hard that some copper is smeared on to the silica, then it 
is found that the silica rod acquires positive charges and 
the copper rod negative charges. 

There is, of course, a certain limit for the normal load 
before an appreciable transfer of metal takes place. This 
can be shown with radioactive tracers, but it can also be 
shown very simply and with great sensitivity when a 
metal block is made to move on a glass plate. The plate 
can then be treated with a silver nitrate solution for the 
development of a “‘ trace’ which the metal block has 
left on the glass plate. It can thus be shown that a 
normal load of about 100 g is required to produce such 
a trace.” 

There is one other mechanism of charge separation to 
which Dr Salomon referred when he mentioned charge 
separation during the turbulent flow of liquids and cited 
the pressure release on gear teeth which go out of mesh. 
This is the effervescent effect which is observed, for 
example, when one drinks a glass of tonic water and 
watches the gas bubbles bursting at the surface. Tiny 
bubble fragments are then thrown up from the surface a 
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thought inspiring such research can well be based on 
the maxim of Descartes, that he who searches for 
truth must be sceptical of everything. 
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CHARGES ON MACHINERY AND LUBRICATING OILS—DISCUSSION 


APPENDIX 


Since the above paper was written several important 
relevant publications have appeared and the gist of these is 
indicated below under the section headings to which they refer. 

1.1. The work of Luther and his school at Brunswick **: °? 
shows the important part played by “ impurities ’’ present in 
the liquid in the production of electrostatic charges during 
flow. 

Very pure liquids, and hence of high resistivity, such as n- 
heptane, do not on flow give rise to electrostatic charges or 
else only to very weak charges, depending upon the nature of 
the metal concerned. This confirms the previous findings of 
Bruninghaus 7° and Nitka.** 

The nature of impurities deliberately added to a pure liquid 
governs not only the growth of the charges produced but also 
their sign. In some cases sign reversal is observed as the 
concentration of impurities is raised. 

Such “ impurities ’’ may also result from oxidation of the 
hydrocarbon.*? Thus, a refined gas oil oxidized at 110°C 
with oxygen in the presence of copper gives rise, on flowing 
through a platinum capillary, to larger electrostatic charges 
than the same material unoxidized. Moreover, initially 
positive charges finally become negative; therefore sign 
reversal in electrostatic charges arising from flow is not due 
to fortuitious causes, as has been suggested by some workers. 
The nature of the metal plays an important part in the 
production of electrostatic charges by flow. 

A very detailed theoretical study of the production of 
electrostatic charges has been published by Harper,** the 


consideration of which is, however, outside the scope of the 
present paper. 

1.21 (6). Rules laid down to eliminate explosion hazard 
during fuel transfer have been found inadequate for high 
pumping rates with linear speeds attaining as much as 18 
m/sec, the safety limit being at an approximate speed of 
1-3 m/sec. Such high pumping rates can, for example, occur 
during refuelling of jet aircraft. This problem has been the 
subject of detailed study by workers from the Shell * **-* and 
Esso §*-* companies. In November 1957 a symposium was 
held by the API in Chicago on the handling of distillate fuels, 
during which such problems were examined.**' Among 
fresh solutions which were put forward, mention may be made 
of the use of antistatic additives, which when added to fuel at 
very low concentration (a few p.p.m.) raise the conductivity 
of the fuel to a level sufficiently high to prevent the formation 
of significant and harmful electrostatic charges, even when 
high linear speeds are employed during fuel transfer.** *® The 
use of radioactive sources to reduce electrostatic charges 
within storage tanks has also been suggested.*! 

4.3 (b). Sohl, Gaynor, and Skinner °° of the Case Institute 
of Technology in Cleveland have published an important 
paper dealing with the electric effects accompanying the 
stick/slip phenomena of sliding of metals on plastics and 
lubricated surfaces, which confirms the view of Schnurmann 
relative to the presence of an electrostatic component in the 
stick/slip effect. The mechanism of this effect is currently 
under examination by the above-mentioned workers. 


DISCUSSION 


Dr R. Schnurmann: Dr Salomon is to be congratulated 
on the wealth of information which he has put before us, 
on his courage in tackling problems in heavy electrical 
engineering by means of observations which come from 
the laboratory bench, and on the logical development of 
his theme. 

There is one thread running through Dr Salomon’s dis- 
cussion. This is the possibility of removing some of the 
detrimental effects which may originate from the building 
up of electrostatic charges by short-circuiting the two 
friction components. This, of course, somehow depends 
on the aspect which one prefers, or which one thinks to 
be valid with regard to the generation of electrostatic 
charges. As I understand it, in considering the two 
possible mechanisms of tribo-electrification, on the one 
hand, and contact electrification, on the other, Dr 
Salomon comes down very heavily in favour of tribo- 
electrification. This means that one has to rub hard if 
one wants to separate charges. 

There are, however, experiments to show that one will 
obtain quite an appreciable charge separation even under 
conditions of very slight frictional forces. There is no 
doubt that the charge separation could be increased by 
hard rubbing which will change the size of the contact 
areas and that even a change of sign of the charges can 
be produced that are separated on various components. 
However, there is always this very simple experiment 
which never fails unless it is done in pouring rain. Take 
a glass beaker with some sand or silica flour in it and pour 
the particles gently on to a collector plate of an electro- 
scope. Either the silica flour or the sand carries away 
from its contact with the glass walls negative charges and 
the glass beaker retains the corresponding positive 
charges. In this experiment the particles are so small 
that the frictional forces are very minute, but of course 
there is a large ratio between surface area and weight. 
The same demonstration could be given in a more 
spectacular manner by making a double contact, so to 
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speak. The particles are poured first from a vessel, from 
which they carry away negative charges, and then passed 
through a second vessel, say a metal funnel, from the 
contact of which they carry away positive charges on 
their way to the collector plate of the electroscope. One 
can then observe the leaves of the electroscope diverging 
a little, going together, and then diverging again, this 
last time with a positive charge. 

There is thus no doubt that, ab initio, we deal with 
contact electrification. This condition may be changed 
very considerably by a drastic alteration of the force of 
friction between the two contacting materials. For 
example, let silica sand be poured from a copper vessel. 
Again, particles of silica carry away negative charges 
and the copper vessel retains the corresponding positive 
charges. However, if instead of this a solid rod of silica 
is taken and rubbed hard with a solid rod of copper, so 
hard that some copper is smeared on to the silica, then it 
is found that the silica rod acquires positive charges and 
the copper rod negative charges. 

There is, of course, a certain limit for the normal load 
before an appreciable transfer of metal takes place. This 
can be shown with radioactive tracers, but it can also be 
shown very simply and with great sensitivity when a 
metal block is made to move on a glass plate. The plate 
can then be treated with a silver nitrate solution for the 
development of a “ trace ’’ which the metal block has 
left on the glass plate. It can thus be shown that a 
normal load of about 100 g is required to produce such 
a “ trace.” 

There is one other mechanism of charge separation to 
which Dr Salomon referred when he mentioned charge 
separation during the turbulent flow of liquids and cited 
the pressure release on gear teeth which go out of mesh. 
This is the effervescent effect which is observed, for 
example, when one drinks a glass of tonic water and 
watches the gas bubbles bursting at the surface. Tiny 
bubble fragments are then thrown up from the surface a 
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very long way. The smaller the bubble fragments, the 
more charges they carry, and if these charges are collected 
on a conductor of appreciable capacity very high voltages 
can be built up. These voltages can be annihilated by 
earthing the conductor. Alternatively, at a given po- 
tential a spark will bring about a discharge which may 
give those pittings which Dr Salomon has so admirably 
illustrated. 

However, as long as it is simply a case of a double layer 
which always exists at the contact area between a liquid 
and a solid or two solids, such a double layer cannot be 
annihilated simply by connecting the two pieces of metal 
with a metallic wire. It can only be annihilated tem- 
porarily by an instantaneous discharge. This is the 
reason why, when we come to the “stick and slip” 
phenomenon, with which Dr Salomon dealt, one can put 
a@ very heavy wire across the two metallic bodies and 
still obtain “ stick-slip ” motion. These is no possibility 
of getting away from this by a metallic connexion be- 
tween the two friction elements, because it is here a 
question of building up gradually, during the period of 
so-called “sticking,” a larger contact potential than 
under fully static conditions. It has been shown by 
refined means of observatior with an oscillating valve 
ultra-micrometer, or by means of the shift of interference 
fringes, that when two bodies seem to stick together 
while one of them is being propelled and the other one is 
being elastically restrained, there is a slight movement of 
perhaps as much as 10° cm at the contact area before a 
discharge will take place through the double layer and 
bring about slipping, which is then immediately followed 
by a new period of slow building up of new charges so 
that there is an oscillation of the contact potential be- 
tween its static value and a maximum value which 
corresponds to the dielectric breakdown field strength of 
the thin layer of dielectric which is sandwiched between 
the two solid bodies. 

If I may in conclusion refer to Verver’s interesting 
experiment with six steam turbines which Dr Salomon 
mentioned, this would seem to be a very complex matter 
to analyse. Verver used the same lubricating oil and 
obtained startlingly different results. He consoled him- 
self by saying ‘‘ some turbines are good and some are 
bad.” While electrostatic effects may have played a 
part in the running of these turbines, it would appear 
from my reading of Verver’s paper that he himself is not 
too sure that it will account for the variation in results 
which he has obtained. He says that it is quite possible 
that some electrolytic effects may have been involved and 
that the bearings have been machined to different degrees 
of finish and that there might also have been other dis- 
turbing effects. However, this should not detract from 
the main theme of Dr Salomon’s paper. 


Dr T. Salomon: I am very grateful to Dr Schnurmann 
for his remarks. I agree. entirely with him that heavy 
loads are not needed to produce electrustatic charges by 
rubbing; this is clearly shown by the examples given in 
Section 1.2. My paper is limited to particular aspects 
of the problem linked with the lubrication. I have not 
discussed the whole problem of generating electrostatic 
charges, which appears to be very complex, as shown 
recently in the fundamental study made by Harper.** 
Opinion on the mechanism involved in the generation of 
these charges is very divided, because the importance of 
the purity of the liquid medium separating two rubbing 
surfaces has not always been fully recognized. Luther 
and his team have started a fundamental study of the 
role of these impurities in the generation of electrostatic 
charges and have shown that pure n-heptane flowing 
through a platinum capillary will not produce any 


measurable electrostatic charge, but by adding a small 
proportion of alcohol, aliphatic acid, ester, etc., they 
obtained electrostatic charges. When increasing the 
content of such an impurity, it may even occur that the 
positive charges became negative, or inversely.”® This 
is an important point, which may explain some confusing 
results obtained by other authors. 

Dr Schnurmann has pointed out that the stick-slip 
phenomenon will not be suppressed by short-circuiting 
the system, us was done in the experiments of Kyro- 
poulos (see Section 4.1, Fig 11). The question I raised 
in Section 4.45 was a different one, and was whether the 
stick-slip phenomenon will be suppressed when using a 
radioactive slider. 


Dr R. Schnurmann: In the presence of a radioactive 
material—Dr Salomon has mentioned in his paper radio- 
active gears—there is a distinct possibility of a reduction 
in the dielectric breakdown field strength of this bound- 
ary film. This would affect the frequency and amplitude 
of relaxation oscillations in the same way as an addition 
of a conducting material to the oil. A relaxation oscilla- 
tion takes place between two fixed levels and with the 
electrostatic interpretation of “‘ stick-slip ’’ motion the 
top level is governed by the dielectric breakdown field 
strength of the dielectric boundary film, while the bottom 
level corresponds to the static contact potential of the 
friction assembly. By whatever means the dielectric 
breakdown field strength of the insulating layer is lowered 
the result as regards the charge separation cannot increase 
to the same value as before. Therefore, the level differ- 
ence may then be reduced to one half or even less, and 
consequently the shocks will be less violent and there 
will be a tendency towards their suppression, but this is 
an entirely different matter from short-circuiting the two 
solid bodies, because the discharge must pass through the 
dielectric layer. 


Dr T. Salomon: My paper was deliberately restricted 
to practical aspects of wear problems arising from the 
action of electrostatic charges, such as, for example, the 
pitting wear of gears in steam turbine oil pumps. 

Such wear could be suppressed only by short-circuiting 
the sites where the charges were produced, as had already 
been done by Kyropoulos in his experimental layout. 


Dr R. Schnurmann: I think Dr Salomon is quite right. 
When this effervescent effect comes into play on top of 
whatever contact electrification one may have, consider- 
able voltages are built up on the metal parts. One can 
get rid of these high voltages, of course, because here is 
the same phenomenon as with a Wimshurst machine, 
which has nothing to do with contact electrification. It 
is really a distribution of charges on the metal surface. 
The opposite charges come close together and the others 
are going as far away as the metallic conductor will 
allow. It is those which have gone away as far as they 
possibly can which one can remove. By removing them 
the risk of arcing is avoided and therefore one can prevent 
some of the serious damage which the turbine blades or 
other parts of the machine may suffer. However, one 
may still be confronted with discharges through the 
dielectric between two solid bodies in frictional contact 
and these discharges may eventually weaken the system 
by some sort of fatigue effect, as Dr Salomon pointed out. 
It thus appears that the two views are quite compatible 
and that there is no contradiction. 


Dr T. Salomon: Referring to Dr Schnurmann’s remarks 
on the different results found by Verver with the same 
oil used in different turbines (see Fig 5), I would add that 
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I have discussed this point in correspondence with Verver, 
and it would appear that: 


(1) the operating conditions of these turbines 
were very similar; 

(2) in some cases the more rapid aging of oil could 
be explained by the presence of leakage currents; 

(3) in other cases no apparent cause for rapid 
aging of the oil could be discerned ; 

(4) the possibility of an effect due to electrostatic 
charges was admitted subsequently, but could not be 
confirmed for the case under consideration. 


I have mentioned these results to draw attention to the 
possible effect of electrostatic charges, which has so far 
not always been considered when similar occurrences, 
due to abnormal behaviour of the oil, have been in- 
vestigated. 


Dr E. O. Forster: I believe I am correct in under- 
standing that these oils did not contain any anti-oxidants. 
Dr Salomon mentioned briefly that additional anti- 
oxidants caused delaying of the electrostatic pheno- 
menon. If one observes a rapid increase in the lubri- 
cant’s neutralization number, one would anticipate a 
simultaneous increase in conductance and hence a de- 
crease in electric discharges. It is hard to visualize how 
the development of high neutralization numbers in the 
lubricant can coincide with an increased action of electro- 
static discharges. It seems that these two developments 
contradict each other and need further explanation. 


Dr T. Salomon: The oils used in the three damaged 
turbines were pure mineral oils, without any inhibitor. 
The use in the 8000-kW turbine of a modern oil incor- 
porating anti-oxidation, anti-rust, and other additives, 
did not suppress the formation of electrostatic charges, 
but the oil itself did not suffer any damage during this 
short 500-hour test (see Section 2.11). On the other 
hand, similar inhibited oils put into service in the two 
1800-kW back-pressure turbines are, so far, giving 
trouble-free operation. 

The second question put by Dr Forster involves two 
separate problems: 


(1) increase in the conductivity of the oil with rise 
in its acidity; 

(2) the reduction of electrostatic charges formed, 
following on an increase in the conductivity of the 
oil. 

I will deal with these two points separately : 


(1) We did not determine the conductivity of 
these new and used oils, and hence we cannot say 
whether the used oil having an acidity of 6.62 (see 
table on p. 54) had a significantly higher conductivity 
than new oil. 

We do, however, know from past experience that 
the conductivity of an oil does not always increase 
regularly with a rise in acidity; on the contrary, in 
certain cases a considerable increase in conductivity 
has been noted coupled with a very small change 
in acidity, or conversely a small increase in con- 
ductivity has been coupled with a considerable rise 
of acidity. Numerous such examples are to be 
found in the literature, of which I will only mention 
a few. 

Three transformer oils of various degrees of 
refining (under-refined, normally-refined, and over- 
refined) after serving for two years under severe 
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operating conditions *' in three transformers of 
identical design showed the following characteristics: 


Acidity Dielectric loss, | 
——| Oxygen 
Extent of tan 8, | 60 c/s, | content of 
refining | New | Used | 20°C | x 10* | used oil,” 
oil oil New | Used | % 
oil oil 
Under ./}| 0-02 0-84 10 803 | 03 
Normal . | 0:00 | 0-14 10 30 | Not deter- 
| minable 
Over. 000 | 7-7 10 | 203 | 20 


These results clearly show that the increase of 
dielectric loss is related neither to the acidity nor to 
the combined oxygen content, since the under- 
refined oil shows losses almost four times as great as 
those of the over-refined oil after a service period 
of the same length under identical conditions, whilst 
the under-refined oil has a very much lower acidity 
(about 11 per cent of that of the over-refined oil). 
This also applies to the other oxygen-containing 
compounds which may be present in the used oil, 
since the total amount of oxygen taken up by the 
oil after two years service is seven times greater for 
the over-refined as compared with the under- 
refined oil. 

The work of Clark * and Balsbaugh ®* confirms 
the absence of any general correlation between 
increase of dielectric losses and acidity. The work 
of Balsbaugh ™ in particular shows that pure hydro- 
carbons of very varying chemical constitution can, in 
this respect, behave very differently. Thus the 
n-paraffin cetane showed on artificial oxidation a 
very high increase in losses during its fairly long 
induction period, whilst the quantity of oxygen 
absorbed remained very small. On the other hand, 
the naphthene cis-decalin, which has no induction 
period, had a very slight increase of losses despite 
considerable oxygen absorption. The work of 
Luther *? shows that the addition of an organic acid 
to a pure hydrocarbon such as n-heptane does not 
lead to a proportional increase in the conductivity 
of the mixture; some typical figures are: 


Amount, | Conduc- 


Pure | 
hydro- Additive gmol/ | Acidity | tivity, 
carbon | | litre mho/em 
n-hept- | Nil | 0 | 5.107" 
ane Acetic acid | 0-17 | 95 | 3. 10716 
| Acetic acid | 0-33 | 185 | 8.1078 

l- 


| Stearic acid | 0-02 


(2) The second point concerns the correlation 
which may exist between the electrical conductivity 
of the medium and its tendency to produce electro- 
static charges during flow. The results that are 
available show that such correlation exists only for 
limiting values. To show almost no formation of 
electrostatic charges the medium either has to be 
highly conductive, corresponding to a value of at 
least 10-° mho/cm, or completely insulating, with a 
conductivity of 107? or even 10° mho/em. 
however, the conductivity of the medium is within 
these limits the tendency to form charges may vary 
considerably, depending upon the nature of the 
liquid concerned; the nature of the conducting 
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bodies present is the governing factor, but it has not 
so far been possible clearly to define the relevant 
parameters. Fig | in the paper by Rogers,*® which 
shows the curve relating electrostatic charges to the 
conductivity of the medium, is a striking illustration 
of this point. 

Some figures which have been published by 
Luther ** to show how the tendency to produce 
electrostatic charges varies with the conductivity 
of the medium both for pure hydrocarbon and for 
industrial hydrocarbon mixtures are given below. 
In these tests the tendency to produce electrostatic 
charges was denoted by the intensity of the resulting 
spontaneous discharge current. 


Tendency of Various Liquids to Produce Electrostatic Dis- 
charges on Flowing through a Platinum Capillary 


(Hampel and Luther **) 
| | Intensity of 
Conductivity, | SPontaneous 
| A x 10" 
n-heptane, pure . .| 5.107% | +0-05* 
Gasoline I ‘ | +9000 
sasoline I, distilled 4.1076 +1 
Gasoline I, oxidized | +20 
Gasoline II . ? 6.10% | +300 
Motor benzole, crude 5.107% -+10,000 
Motor benzole, distilled. 1. | +40 
Benzene (thiophene-free) | 2 . 10-16 +25 


* Limit of measurability. 


B. V. Poulston: As one who has the good fortune not 
to deal with this complicated subject of wear, may I 
crave your indulgence to make some remarks on the 
electrostatic side of the subject and continue the dis- 
cussion which has already concentrated on this aspect. 

Before doing so, however, I would take the opportunity 
of pointing out some statements in the printed text 
which one is disappointed to see in a paper of this 
standing. 

The first occurs on p. 50, dealing with the general dis- 
cussion of the electrification which is observed in a 
flowing petroleum fraction. It is there suggested that 
an accumulation of electrostatic charges can be dissipated 
by passing the fluid through copper gauzes or turnings. 
I would submit that this is not a general solution. It 
may be that, in one particular case, the charges produced 
by contact of the liquid against copper or brass were of 
the opposite sign to those already produced in the 
preceding pipeline. The resultant charge in the issuing 
fluid may then have been zero, but this, of course, cannot 
always be so. The author has already mentioned that 
in this general subject we have to deal with the abnormal 
and not the normal. Generalizations cannot be made 
from the results of only a few tests. In fact, passing the 
fluid through gauzes can considerably increase the charge 
in a flowing fluid. In addition, of course, it is not advis- 
able to run petroleum fractions in intimate contact with 
copper. 

The second point occurs on p. 51, where Dr Salomon 
discusses the question of the agitation of two immiscible 
liquids in a tank, which is an operation of very great 
frequency in a refinery. It is suggested that the trouble 
can be cured by careful earthing. This also is not true 
in general. The question is fully discussed in the book 
to which reference has already been made.** 

Returning to the question of the actual production of 


electrostatic charges in the lubricant film, I understand 
that the author has postulated some metallic contact 
when bubbles, generated by rapid pressure release, burst. 
Considerations of tribo-electricity may then account for 
the charging. 

Dr Salomon also mentions the charge generated by the 
bursting of bubbles. This I find rather difficult to visual- 
ize in the particular application of a lubricant film in a 
bearing. One previous speaker said, and it is quite 
true, that when the bubbles rise to a free surface and the 
thin films around the bubbles rupture, there is a genera- 
tion of charge. There is also a generation of charge 
when a fuel which is saturated with air undergoes a 
sudden release of pressure. The air comes out of solution 
and rises to a free surface very rapidly, and charges can 
be measured on the surface. It is not yet known 
whether these charges are due to, as it were, the “‘ birth ” 
of the bubbles in the liquid, or to their travel through the 
liquid to the free surface. 

In both these concepts of the charging mechanism 
there has to be present a free surface at which the charg- 
ing will concentrate. Such a free surface is not present 
in a bearing. 

With the information that has been developed during 
the last year or eighteen months about the electrification 
of flowing hydrocarbons, it is possible to develop a 
theory which accounts for the electrostatic build-up 
within a bearing or on a gear, and avoids difficulties 
mentioned above. The starting point is to consider the 
flow of lubricant in the bearing as analogous to flow 
through a pipe, where the fluid can be in considerable 
shear referred to the surface over which it flows.®* 

From the data about “streaming currents” that we 
have already, some very approximate calculations show 
that the charges produced in such an analogy are of the 


’, right magnitude for spark production. 


This analogy can be pursued quite a long way farther, 
and I would submit that it is not necessary to postulate 
any rupture of air bubbles in a lubricating oil film to 
account for electrostatic charges. 


Dr T. Salomon: Mr Poulston’s criticism is not justified, 
and appears to result from a misinterpretation of my 
wording (cf Section 1.21 (6), third para), which quotes 
the opinion of Bruninghaus, and not my own. I will 
mention in more detail this work of Bruninghaus, as 
described by him in another paper.’® He passed gasoline 
through a layer of copper turnings, before measuring the 
electrostatic charges arising from flow in the apparatus 
shown (Fig 1). He noted that the gasoline had been 
rendered ‘inactive’? by passage over the copper 
turnings and that it no longer gave rise to electrostatic 
charges on flow. There was thus no question of a dissipa- 
tion of charges accumulated in the gasoline, as Mr 
Poulston suggested. I had not mentioned Bruninghaus’ 
explanation of this effect because I considered such 
explanation to be erroneous. 

Bruninghaus, being a physicist, looked for a physical 
explanation of the effect and ascribed the inactivation of 
the gasoline to cataphoresis, but the detailed description 
of his experiments clearly shows that a very simple 
physical-chemical effect is involved. The copper turn- 
ings evidently contained conducting bodies such as 
grease, etc., yielding a colloidal suspension in gasoline. 
On passing through the turnings, the gasoline acquired 
sufficient of such material to become highly conducting, 
so that the charges formed during its flow were immedi- 
ately dissipated and did not accumulate. In fact, 
Bruninghaus mentions in his paper that gasoline thus 
inactivated had a conductivity 500 times greater than 
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originally and that it had to be filtered through a 
porcelain filter in order to restore its initial resistivity, 
and likewise its power to produce electrostatic charges. 
The other metallic powders which were used, purer and 
apparently free from such conducting impurities, did not 
inactivate the gasoline. 

Rogers ** has noted similar but opposite effects in the 
case of iso-octane flowing through a system soiled by 
deposits arising from the previous flow through it of a 
J.P.-4 type turbine fuel. Whilst pure iso-octane pro- 
duces only a small amount of electrostatic charges, such 
charges increase considerably if flow is through a soiled 
system. The increase in the conductivity of the soiled 
iso-octane was not sufficiently great to suppress the 
appreciable production of electrostatic charges. I have 
already mentioned this previously, in my reply to Dr 
Forster. 

This soiling effect prior to or during the flow of fuel 
may well occur in practice. It is important to realize 
that piping of copper, brass, or bronze in a transfer 
system or else filtration through a sintered metal filter 
may sometimes considerably increase the production of 
electrostatic charges. The paper of Luther and Ham- 
pel,®? which I have already mentioned, gives some 
typical figures for pure hydrocarbons. 

My comment in Section 1.23 concerning the suppression 
by careful earthing of electrostatic charges, produced by 
the agitation of two immiscible liquids, was mainly 
directed to the case of centrifuging. The electrostatic 
charges produced remain sufficiently small, so that the 
spontaneous discharge current can be eliminated by a 
good effective earth connexion. This is not a universal 
remedy to be applied indiscriminately in all cases. 
The book by Klinkenberg ** which Mr Poulston men- 
tioned, moreover, emphasizes that earthing may be 
adequate in certain cases, particularly for liquid transfer 
at low rates. If, however, such transfer is carried out 
fast, earthing is no longer adequate and other remedies 
have to be sought. I have mentioned this in Section 
1.21 (5), and in the appendix which appears with the 
published version of the paper. 

I am glad to take this opportunity to acknowledge the 
excellent work which my friend Klinkenberg, together 
with van der Minne, has just published, dealing with the 
problems of electrostatic charges produced during the 
transfer of petroleum liquids. 

Mr Poulston’s last point concerns the mechanism of 
production of electrostatic charges by sudden rupture of 
the oil film compressed between gear teeth. I must say 
that his question is not very clear to me. The oil film 
is so thin that I would have thought it was difficult to 
state whether the charges that are yielded are due to the 
formation of bubbles in the liquid or to the passage of 
such bubbles through the liquid to the free surface. 
Since the oil undergoes constant agitation in the pump, 
it would appear to me to be more logical to consider that 
we are dealing with a dispersed phase system, in which 
air bubbles exist, whether strongly compressed or not, 
and that their bursting at the moment of sudden pressure 
release gives rise to the charge. We know that the 
charges produced increase considerably if the liquid 
flow is turbulent, but the problem arising from flow is 
different from that arising within the gearing, because the 
liquid layer is very much thicker and the charges are 
produced during the migration of the gas bubbles to the 
free surface, as has already been explained by Dr 
Schnurmann. 

Flow in a bearing can well be considered similar to 
flow through a tube, but in the case of gearing a different 
effect is involved. In this case the charge does not flow 
away as in a tube or in a bearing, but is created and 
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dissipated within a narrow restricted surface which is 
the contact surface between the teeth (the pitch line), 
otherwise it might be difficult to explain the absence of 
wear on other parts of the gearing. 

I have stressed this important point in my paper 
(Section 2.21 (1)), emphasizing that we were unable to 
find any traces of wear on the other parts of the gearing. 
We are hénce dealing with an effect quite different from 
that of stray currents to which Mr Poulston has referred ; 
the presence of a stray current was not detected in this 
turbine (ef Section 2.21). 


W. R. Stoker: We, too, have met so-called bad tur- 
bines in which the oil deteriorated rapidly; the condition 
is usually recognized by loss of induction period or 
increase of neutralization value. The trouble is usually 
corrected by taking steps to minimize stray currents— 
the insulation of the pedestal bearing, the alternator slip 
rings, and the exciter is cleaned. Brushes rubbing on 
the shaft and connected to the bedplate sometimes help. 
If these measures fail, the trouble is probably due to mis- 
alignment or other non-electrical causes, An extreme 
case of oil deterioration was found to be due to use of the 
cooling water system to earth a welding set. 

Dr Salomon’s paper mentions lubrication of switch 
contacts. It is well known that if switch contacts are 
smeared with petrolatum the contact resistance is re- 
duced, but attempts to calculate the magnitude of this 
effect from the bulk resistivity lead to obviously false 
results. Assume that the resistivity is 10° ohm em 
units, the film thickness 1 » or 10 em, and the contact 
area 10 sq. cm, then the contact resistance will be 10 
ohms, which is much too high, even though the assump- 
tions favour a low value. The reason for this anomaly 
probably is that the resistance of thin films of dielectric 
is low because of the “‘ tunnel effect.” If this is so it may 
explain why Dr Salomon sometimes finds an unexpect- 
edly low resistance between gear teeth separated by an 
oil film. 

However, my reason for mentioning the matter here 
is that I think Dr Salomon’s simple calculation on p. 61 is 
wrong. The equivalent circuit should be a high impe- 
dance generator charging a small capacitor across which 
is connected a resistance. If this is so, the current will 
follow an exponential law and Ohm’s law will not apply ; 
in addition, it seems from what I have said that it is 
wrong to calculate the film resistance from the bulk 
resistivity. Finally, the electric strength of moderately 
thin films is higher than would be expected from the 
electric strength of a large gap, though this may not 
apply to the very thin films under consideration. How- 
ever, it is much easier to criticize Dr Salomon’s calcula- 
tion than to produce a better one, and this I have not 
been able to do. 


Dr T. Salomon: ‘The tunnel effect is not observed for 
thicknesses of 10-15 up, whereas the special findings of 
Bruninghaus refer to films of such thickness, which are 
conducting like metal. An improvement of electrical 
contact by the insertion of an oil film was mentioned 
incidentally as being a well-known use of this special 
property of an oil film. The calculations shown in 
Section 4.2 were merely to indicate the order of 
magnitude of the resistance of an insulating oil film 
capable of carrying a current similar to the slow dis- 


charge current of the electrostatic charges produced, and — 


to show that such effect is sufficiently rapid to be com- 
parable to a shock phenomenon. It was not my in- 
tention to apply the analogy to an analysis of the effect. 

I fully agree with Mr Stoker that there can be many 
other causes responsible for the rapid aging of a turbine 
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oil. However, the cases mentioned in Sections 2.11 and 
2.12 are not due to any of the causes which he mentioned, 
but solely to the production of electrostatic charges. By 
drawing attention to these special cases it was my 
intention to show the benefit of checking for the presence 
of electrostatic charges should one be faced by similar 
“inexplicable anomalies.” 


L. A. Cooper: The author has presented us with some 
valuable data in his paper, but I would like to make a 
few comments on his views concerning the breakdown of 
lubricant films, which leave me with the feeling that he 
is trying to hang too many hats on one peg. 

Like him, I do not believe that a thermal explanation of 
the breakdown of lubricant films is entirely satisfactory. 
This concept appears to have been based on the observa- 
tion that with certain types of lubricant films failure and 
heavy wear coincide with the melting point of the film, 
from which it was argued, falsely I believe, that all 
lubricants fail in a similar way. 

Although I am no electrician, I suspect the author of 
using similar arguments in connexion with his theory. 
It is undoubtedly true that certain types of wear can be 
attributed to the development and shorting of electro- 
static charges. However, Dr Salomon deduces from 
this, if I have read the paper correctly, that all film 
breakdown and wear is attributable to this cause. Until 
there is sufficient evidence in support of this view I 
cannot help feeling that it is just as likely to be false as 
the former. 

I believe myself that much lubricant breakdown and 
wear is due to the third parameter mentioned by the 
author, a mechanical cause. I visualize the following 
situation at a lubricated rubbing contact: the lubricant 
film is being swept away by mechanical causes but 
chemical and physical effects compete for the surface and 
re-establish the lubricant film. If the latter are pre- 
dominant, lubrication is satisfactory and wear is low, but 
if the former prevails lubricant failure and high wear 
results. I hope to record elsewhere the experimental 
evidence in support of this mode of failure which, 
incidentally, I do not regard as excluding wear in certain 
instances due to electrostatic or thermal effects. 

The author has commented that mention is frequently 
made of the link between rupture of the oil film and wear 
without explaining how the film is re-established. I 
have indicated briefly how this can occur, and considera- 
tion of the behaviour of chemically active lubricants 
probably demonstrates this most clearly. 

Dr Salomon has also remarked that practical experi- 
ence shows that once a lubricant film has been destroyed 
it is only reformed with difficulty. This is not true, how- 
ever, of tests on the four-ball machine, where recovery 
after film breakdown is quite common, even with straight 
oils. In this connexion, I have observed that there is a 
relation between the seizure delay time, the seizure 
recovery time, the load, and the wear in tests conducted 
on straight oils, for example. Low loads and wear will 
usually give long delay and recovery times, while high 
loads and wear give short delay and recovery times. I 
would be interested to know how Dr Salomon would 
account for this on the basis of his theory. 

He has accounted for variation in the value of the 
coefficient of friction by variation in the strength or 
separation of the electrostatic charges on the surfaces. 
If, therefore, these surfaces are earthed, does it follow 
that the coefficient of friction becomes extremely small or 
zero? If this is true, it could be of considerable signifi- 
cance, but if untrue it obviously requires some further 
explanation. 


The author accounts for the reduction of wear by polar 
compounds by the relatively high electrical conductivity 
or low electric strength of compositions containing such 
materials, which thus inhibit the development of high 
destructive electrostatic charges on the surfaces. How, 
then, would he account for the behaviour of chlorinated 
diphenyls which can be used as an insulating medium in 
transformers, for example, but which, if used in lubricant 
compositions, can lead to lower wear and better load 
carrying ability. By the author’s theory a different 
behaviour might be expected. 

I am surprised at his statement that oil in water 
emulsions will give lower coefficients of friction than 
straight oils on metals, for I believe the reverse to be the 
case. Could the author, therefore, give the experimental 
evidence on which he bases his remarks? 


Dr T. Salomon: Mr Cooper’s comments would be quite 
justified if, as he suggests, I had stated that all oil film 
ruptures and all wear were due to the formation of 
electrostatic charges, but in Section 4.44 it will be noted 
that I wrote, ‘‘ it is possible that some types of wear may 
be directly linked with the formation and destruction of 
electrostatic charges in the lubricated system,” which 
seems to me to mean the same as the remark Mr Cooper 
has just made, “ it is undoubtedly true that certain types 
of wear can be attributed to the development and 
shorting of electrostatic charges.” 

Mr Cooper has also attributed to me some views which 
in fact I had not put forward. When I stated that it is 
difficult to see how a ruptured oil film could reform 
(Section 4.42) I had in mind the case of a film of mineral 
oil in hydrodynamic lubrication, as studied by Tudor and 
Kenyon (quoted in ref *). In such a case the surface of 
the metal is not altered by the oil film, and if film rupture 
occurs such rupture is final. In contrast to this Mr 
Cooper has put forward the case of boundary (E.P.) 
lubrication, where the problem is quite different, if only 
because of the modification of the rubbing surface, 
covered by a surface film. We know that the seizure 
occurring in the four-ball apparatus with a pure mineral 
oil under high load is definite. The case may be different 
under low load, and if seizure is avoided the contact 
surface is increased by polishing and, under the effect 
of sliding, contact is displaced to a neighbouring point 
where the oil film has not yet been damaged. Con- 
clusions valid for hydrodynamic lubrication are not 
necessarily so for E.P. lubrication. 

It would require special investigation to determine 
whether electrostatic charges are involved in wear pheno- 
mena made evident by the four-ball apparatus. Should 
these in fact be concerned, wear could certainly not be 
suppressed by earthing the metallic parts, as Mr Cooper 
suggests, and it would be necessary permanently to 
short-circuit the entire system, as was done by Kyro- 
poulos. The electric field exists between the oil film 
and the metal surface and not between the two metallic 
surfaces, hence it would also be necessary to earth the 
oil film, which is not feasible. If mechanical wear is 
promoted by the existence of electrostatic charges the 
suppression of such charges should result in a reduction 
of wear, owing to improvement of the coefficient of fric- 
tion. This would apply only to an oil without additive, 
since in the case of an additive-containing oil we are 
frequently concerned with chemical wear, which as far 
as is known is independent of any electrostatic charges 
that might be produced. 

The case of the chlorinated diphenyls is difficult to 
examine, since Mr Cooper has not indicated the precise 
nature of the wear involved nor the rate of wear. All 
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E.P. additives, and especially chlorinated compounds, 
give rise to chemical wear due to attack of the metal 
surface, with the formation of a surface film. Such film 
is usually a conductor and hence reduces wear arising 
from friction. I have mentioned in the footnote to 
Section 4.43 that the favourable effect of a conducting 
surface film formed by E.P. additives could also be ex- 
plained by assuming that such increase of conductivity 
prevents any significant build-up of electrostatic charges. 
I would like in this connexion to make it clear that I am 
considering scuffing, which, as Kyropoulos has shown 
(see Section 4.1, fourth para) is favoured by electrostatic 
charges, and not chemical wear, with resultant polishing 
of the surface. 

An alternative explanation can be put forward for 
the better rating of chlorinated diphenyls in the four-ball 
machine. Dow ® has shown that these products exhibit 
a very considerable increase in viscosity with pressure. 
At 30° C and pressure 245 kg/cm? he observed an increase 
of 1500 per cent of the initial viscosity, an increase which 
is considerably greater than for mineral oils. Dow 
emphasizes that the chlorinated diphenyls are particu- 
larly sensitive to the influence of pressure on viscosity ; 
such increase of viscosity might explain, without having 
recourse to electrostatic charges, the better load-carrying 
ability of the chlorinated dipheny] film. 

Mr Cooper’s objection to the electrostatic viewpoint is 
that the chlorinated diphenyls have as high an electric 
breakdown strength as mineral oil. This is correct for 
measurements made with continual application of 
stress, but in the case of impulse testing, under conditions 
giving rise to a non-uniform stress distribution (which is 
relevant to E.P. lubrication), the breakdown strength of 
chlorinated diphenyls is lower than that of mineral oils, 
as has been shown by Clark.** This indicates that the 
electrostatic discharge potential for chlorinated diphenyls 
is lower than for mineral oils, which also explains the 
more favourable effect of chlorinated diphenyls on wear 
promoted by electrostatic charges; hence there is no 
conflict with the electrostatic viewpoint. 

Coming now to the reduction of wear of metals 
lubricated by a water/oil emulsion (Section 3.21 (6)), 
such reduction has, for example, been noted by 
Brownsdon *? for the case of brass rubbing against 
hardened steel and by Boston,®* who, in the case of 
emulsion-type cutting oils and with certain steels, 
observed a starting torque and a thrust less than for 
pure mineral oil. It is generally recognized that a re- 
duction in the value of either of these parameters is due 
to a fall in the coefficient of friction. 


R. Tourret: Dr Salomon is to be commended for giving 
us a controversial paper, with quite a lot of new ideas, 
and he must not take it to heart if some of them receive 
@ certain amount of criticism. I think it is doing us 
good. It is forcing us to think again about ideas that 
we have possibly accepted for rather too long. 

Having said that, I would like to make one or two 
comments on Dr Salomon’s opinions on pitting. I must 
emphasize that here I am talking about pitting in the 
engineering sense of the word, where you can see the pits 
with the naked eye, and where you do not have to use an 
electron microscope. 

I would like first to consider Fig 6, which shows the 
teeth of the helical gearing of an oil pump, and pitting, 
as seen by the naked eye, is visible. If I understand Dr 
Salomon’s theories here, he is suggesting that those pits 
are caused by electrical discharge through the oil film 
between the teeth. Those gears are mounted on shafts, 
and the shafts presumably have bearings of some sort, 
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normally at both ends, although only at one end in the 
photograph: It seems to me that one of two things may 
occur here. Either the bearings are making metal-to- 
metal contact, and the charge is shorted out, or alterna- 
tively, there is a potential across the oil film in the 
bearing. In that case, I am wondering if there has been 
any sign of pitting in the bearing of that particular pump. 

I would now like to turn to Fig 8, where pits are shown 
by an electron microscope. I wonder if Dr Salomon 
could suggest how they grow to make the big pits as 
shown, for instance, in Fig 10, for the steam turbine 
worm drive. And allied with that question, Dr Salomon 
says that Evans and Tourret admit that surface wear 
facilitates the opening of cracks towards the surface. I 
do not think that it was intended to suggest that this 
surface wear was an integral part of the pitting pheno- 
menon. I think it aggravated or assisted the formation 
of the pits, and I think it increased the speed of the 
formation possibly, but I do not think the wear was an 
integral part of the pitting process. 

Turning to p. 61, Section 4.2, I quite agree with Dr 
Salomon’s theories that this discharge could cause some- 
thing like scuffing, but I am a little worried as to how 
scuffing fits in with pitting. I thought Blok’s theories 
were mainly applicable to scuffing, and not to pitting. 
I see that Dr Salomon has mentioned that one gets the 
micro-pitting on a very restricted contact scale, and that 
leads to faulty meshing, which facilitates tearing away 
the metal from the highly pitted area. That in turn also 
sounds to me rather like scuffing and not pitting. With 
pits, again thinking of the large engineering pits, normally 
they drop out, or are squeezed out, but they are not 
usually torn out. There is no evidence on the surface of 
the material of a pit—the actual part which has been the 
running surface of a pit before it dropped out—there is 
no evidence on that surface of being torn. There is no 
evidence of welds or any metal-to-metal contact, or of 
any direct pulling of the metal out. It seems to me that 
it has dropped out or has been squeezed out by hydraulic 
propagation in the cracks. 

Finally, Dr Salomon mentioned a striking feature that 
reports of tests carried out with radioactive gears make 
no mention of pitting wear. I would like to suggest 
that this may be purely coincidence, in that most radio- 
active tests have been deliberately so carried out to give 
results in a short time, and hence most of these radio- 
active tests are of a relatively short-term nature. Since 
pits are of a fatigue nature and usually involve many 
millions of cycles of stress repetition, I do not think there 
is any chance for pits to appear in radioactive tests. 

Dr Salomon suggests that if one’s material is radio- 
active, one will get no wear. Now there were some short- 
term trials carried out drawing wire through a tungsten- 
carbide wire-drawing die. The die itself was radioactive 
and the wire was drawn through it. In those trials, 
despite the die being radioactive, wear still occurred. 
Conventional wire-drawing paste-type lubricants were 
used 


Dr T. Salomon: In the case of pitted gears (Fig 6} the 
bearings showed no sign either of wear or of pitting. I 
made it clear in Section 2.21 that the pitting observed 
was confined to the zone of contact between the teeth 
(pitch line). I have already mentioned, in my reply to 
Mr Poulston, that the formation and destruction of 
electrostatic charges in an oil film is a very localized 
phenomenon. If the charges produced are not destroyed 
at the site of their formation but are evacuated with 
the oil their magnitude falls rapidly, due to their being 
spread among the mass of surrounding oil, and their 
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ultimate destruction can no longer have an adverse 
effect on the metal. 

As regards describing the wear observed on the pitted 
gears, it seems to me that we are not using the same 
terminology. I am not a mechanical engineer, but if I 
have denoted the wear observed by the expression 
** pitting ” I have in this respect followed the lead of my 
mechanical engineer colleagues and of the manufacturer, 
all of whom had examined the specimens in question. 
If I have understood Mr Tourret correctly he understands 
by the term “ pitting’? merely the formation of small 
holes which do not become any larger; in such case the 
wear observed on these gears would be due to the com- 
bined effect of scuffing and pitting. 

I am grateful to Mr Tourret for his comments on the 
quotation from his paper which I made in Section 3.22, 
stating that surface wear facilitates the opening of cracks 
towards the surface. This was how I had understood his 
original comment, and I do not think that my wording 
leads to the view that surface wear is necessary to produce 
pitting. 

The remarks that Blok’s theory has been established 
for scuffing are quite correct, but unfortunately several 
authors have likewise applied this theory to pitting wear, 
to explain the local production of high temperatures. 
As an example, I mentioned the work of Buckingham 
and Merritt (quoted in refs 7:7!) in Section 3.22 (6). 

Finally, Mr Tourret mentions that the absence of 
pitting in tests made with radioactive gears is due to the 
short duration of such tests, which does not allow the 
effect of metal fatigue to become evident. The query I 
raised in Section 4.44 referred to tests of some hundreds 
of hours carried out by Borsoff of the General Electric 
Co. without formation of pitting. The point thus 
remains undecided. 

Wear observed on drawing wire through a radioactive 
die seems to me to be a perfectly normal effect, since 
such operation necessarily involves a reduction in the 
diameter of the drawn wire. Were electrostatic charges 
to be involved in this operation, then a suppression of 
their effect by using a radioactive die might result in a 
reduction of the force necessary for the wire-drawing. 
Is this in fact the case? 


L. M. Collyer: Can Dr Salomon give any theory to 
account for opposite charging of the two gear wheels? 
I presume that to get a discharge, one has to be positive 
and the other negative. Can the author give any reason 
why one should preferentially be charged negative? 

Secondly, is there any correspondence on the meshing 
teeth between pits on one side, and anything else on the 


opposite gear tooth. 


Dr T. Salomon: The two gear wheels carry a similar 
charge of the same sign. The opposite charges are be- 
tween the metal and the oil film. Generally the oil 
becomes negatively charged and the metal positively, 
but there are exceptions, which I have mentioned in the 
appendix to the paper. As I have already explained, 
the discharge occurs between the metal and the oil film, 
and not between the two gear wheels, as Mr Collyer 
appears to imply. 

As regards Mr Collyer’s second point, I would mention 
that pitting visible to the naked eye (Fig 6) can be seen 
on the load-carrying surface of the teeth, whilst no wear 
or pitting is similarly visible on the opposite side, not 
carrying load. However, examination with the electron 
microscope does show very minute sub-microscopic 
holes (cf Fig 8). 


W. M. Catchpole: To go back to this same question 
that my colleague, Mr Collyer, asked. We have estab- 
lished that the two gears in the pump are of the same 
material? and neglecting any impurities in the liquid, 
when one was squeezing oil between them surely one 
would expect the same charge to be produced on the two 
pieces of metal? Again, if the charge is created by an 
effervescent effect, e.g. bubbles in the oil emerging from 
the gears, the same charge would be produced on both 
gear wheels. 

This seems to be inconsistent with the fact that the 
author said that by shorting the path between the two 
with a piece of wire, one has stopped the discharge. It 
seems to me that it would be far more reasonable, as Mr 
Stoker suggested, that there was a stray current between 
the driven wheel and the driving wheel, which was passed 
through the brushes, when fitted, rather than through 
the oil film between the gears. How is the static elec- 
tricity generated to produce this discharge between the 
two gear wheels? 


Dr T. Salomon: I have already stressed in my reply to 
Mr Collyer that discharge occurs between the metal and 
the oil film, and not between the opposing surfaces of 
the gears. If there were a stray current flowing away 
through the metal, as Mr Catchpole suggests, it would be 
difficult to see why the effect of the discharges should be 
restricted to the contact area of the teeth (pitch line). 
I would repeat that the absence of stray currents was 
confirmed. It is, on the other hand, quite feasible that 
electrostatic charges which have not been destroyed 
should be led away, but such evacuation can also occur 
through the oil, as in the case of flow within a tube. 
In such case the charges that are transported are so 
** diluted ’’ in the oil, as the distance from the site of 
their formation increases, that their destruction can no 
longer have an adverse effect on the metal. 

If we short-circuit the entire system we no longer have 
charge formation, or else only the formation of very 
weak charges which have no ill-effect, as has been de- 
scribed by Kyropoulos, in whose tests the effect was 
somewhat simplified. I have drawn attention to experi- 
mental facts which can be verified, and such facts should 
be the basis of discussion. 

I would, however, like to mention another contro- 
versial point. 

Existing theory does not yield a satisfactory explana- 
tion of the observed effects; such theory can be defined 
by a sentence taken from the work of Harper,** “ separa- 
tion of a double layer into its two components; this has 
become the orthodox explanation,’”’ and Harper then 
proceeds to show the weaknesses of this theory. The 
same problem confronts all workers who wonder how to 
make their experimental results agree with the double 
layer theory, which is the only theory recognized at 
present. Among the more recent publications I may 
mention that of Hampel and Luther,®* to which I have 
already referred, and that of Ernsburger,®* who comes to 
the conclusion that ‘‘ the mechanism by which the charge 
separation occurs has not been satisfactorily explained.” 
Each author thus gives a different reply, depending upon 
his own results. As far as I am concerned, as I have 
mentioned in my paper, I do not propose to put forward 
a theory and have restricted myself to a description of 
the experimental facts. I may add that the orthodox 
interpretation of the double layer theory does not give 
an explanation of why electrostatic charges are not pro- 
duced in a short-circuited system nor why such charges 
are not observed when pure n-heptane flows through a 
platinum capillary, as has been shown by Hampel and 
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Luther.*? I think most people will agree with me if I say 
that when a well-conducted experiment is in apparent 
contradiction with an existing theory, then we must bow 
to the experiment. 


Dr R. Schnurmann: When one has any kind of asym- 
metry in a system, say different mechanical stresses of 
the frictional components, one will obtain contact 
electrification even with similar metals, just as it has been 
shown that thermo-electric forces could be developed 
between similar metals when they are of different curva- 
ture so that the stress distribution is not the same. Of 
course, in the case of contact electrification there must 
be a dielectric layer between two metals. It is, however, 
not necessary that the two metals be of a different nature 
or composition as long as one has at least a very thin 
layer of dielectric material sandwiched between them. 
The important point is asymmetry in the stress distri- 
bution. 


Dr A. S. Freeborn: There is a small point that I think 
Dr Salomon might be interested in relating to the surface 
coating industry. Some Russian workers found that the 
adhesion of various organic films to a substrate was 
influenced by the rate of pulling off of the film. When 
the film was pulled off slowly, a lower value of adhesion 
was obtained than when it was pulled off more quickly, 
and they attributed this to the fact that in the latter case, 
one can get a build-up of electrostatic charges which 
were not dissipated as obtained when the film was pulled 
off slowly. They did get quite marked differences in the 
value of adhesion for the two cases. 


Dr T. Salomon: There are, of course, numerous electro- 
static effects to be seen in various other fields, each time 
that potential energy is converted to kinetic. The 
explanation quoted for the effect of film separation is 
quite valid, since the magnitude of the charges pro- 
duced must increase with rate of separation. In my 
paper I confined myself to the field of lubrication which, 
as has already been seen, has numerous and difficult 
problems. 


E. H. Reynolds: I have only two small comments to 
make, and the first concerns the remark made by Mr 
Cooper, in which he was referring to the use of chlorinated 
diphenyl, purely as a subject for experiment, as a com- 
ponent of the lubricating film between metal moving 
parts. I think he referred to the fact that although 
chlorinated diphenyls had a higher electric strength than 
the equivalent oils used for lubricating the same machin- 
ery in normal circumstances, the rate of wear was 
higher. The difference in behaviour due to varying 
electric strengths of the liquids has been illustrated by 
the comparison between castor oil and mineral oil. One 
has to be careful to compare the dielectric strengths of 
liquids of the same order of viscosity, and for the most 
part the chlorinated diphenyls have a very much higher 
range of viscosities than the corresponding mineral oils, 
for which they are often used as dielectric substitutes. 
Normally we find that there is no significant difference in 
the electric strength between the chlorinated diphenyls 
and mineral oil of similar viscosity. In making a test 
with chlorinated diphenyl in the film between the moving 
parts, an increased incidence of pitting wear could be 
due to a secondary effect. The slightest type of brush 
discharge in a chlorinated diphenyl! dielectric will pro- 
duce an almost explosive decomposition in the vicinity, 
a condition which does not obtain if one is using a mineral 
oil. This is due, of course, to the generation of hydro- 
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chloric acid at the point on the discharge, and I think 
that this could be a very marked contributory factor in 
increasing the rate of pitting in the moving metal parts 
of the turbine or machinery referred to. 

The other small point concerns the use of radioactive 
tracers in making wear tests. In studying ionization 
phenomena in voids in dielectrics, where ionization had 
just been incepted, it has been found possible, under 
given conditions, to suppress it completely, by subjecting 
the locality to bombardment with gamma rays from a 
radioactive material. This was a repeatable process and 
it could, in fact, continue over a large number of cycles. 
It seems to me therefore that in experiments where 
radioactive tracers have been included in the moving 
metal surfaces, it is quite likely that the radiation from 
them would prevent the accumulation of electrostatic 
charges, by causing them to be mutually discharged, 
before they reached the level of intensity at which arcing 
would occur and cause noticeable pitting of the metal. 


Dr T. Salomon: Mr Reynolds’ explanation concerning 
the immediate destruction of electrostatic charges by 
radioactivity is quite sound. I did not consider this 
point in any detail because the papers concerned are very 
recent and had not even been published when my paper 
was written and especially because the data which we 
have available are not, as yet, sufficiently numerous. 
The problem appears to be more complicated than might 
appear. Hampel and Luther ** showed that pure n-hep- 
tane when irradiated by Co® had a greater tendency to 
produce electrostatic charges than the non-irradiated 
product, when the liquid flowed through a cylindrical 
brass tube (diameter 25 mm, height 200 mm) closed by a 
sintered bronze plate. The tendency to charge forma- 
tion increased with duration of irradiation, but when the 
irradiation was suppressed the tendency to produce 
electrostatic charges progressively decreased, together 
with the conductivity, to attain finally the value for 
pure non-irradiated n-heptane. These workers do not, 
however, quote numerical results. 

Other workers, such as Conradi, Miller, and Skelly,®* 
have noted a more rapid dissipation of electrostatic 
charges produced by transfer of petroleum products to a 
storage tank when there is a radioactive source, Sr® 
having a nominal value of 0-1 curie. The conductivity 
of the liquid plays an important part; it is possible that 
the different effects observed by these various authors 
can be explained by a difference in conductivity of the 
liquids used. Additional work is required to define and 
explain these effects. 


L. A. Cooper: I am afraid that Mr Reynolds has 
misheard or mistaken what I said. It was this: if a 
chlorinated diphenyl! is added to a mineral oil lubricant, 
rather than giving higher wear, one finds it is actually 
reduced. Thus we can have the situation where three 
blends, all of equal viscosity, can be produced from 
mineral oil bases. One can be a straight oil, one the 
same oil plus a polar material, such as a fatty acid, and 
one the base oil plus a percentage of chlorinated diphenyl. 
The last two compositions can be expected to have worse 
and better electrical properties respectively than the 
base from which they were prepared, yet they will both 
give lower wear. I do agree, however, that chlorinated 
diphenyls may show disadvantages in other respects. 


Dr T. Salomon: I have already answered Mr Cooper's 
question. 


R. Tourret: There were some short-term trials with 
drawing wire through a tungsten carbide wire drawing 


— 


78 SALOMAN: HARMFUL EFFECTS OF ELECTROSTATIC 


die. The die itself was radioactive and the wire was 
drawn through it. In those trials, despite the die being 
radioactive, wear still occurred. Conventional wire 
drawing lubricants, which would be a paste-up material, 
were used. 


Dr T. Salomon: I think I have already replied to your 
question. To the extent that wear is produced by 
electrostatic charges or increased by the production of 
such charges, the use of radioactive material which pre- 
vents the build-up of electrostatic charges should like- 
wise suppress or reduce such wear. Your case does not 
come within this proviso. If electrostatic charges play 
a part, then I think this will be shown rather by an 
increase in the drawing force necessary; in such a case 
the suppression of electrostatic charges by the use of a 
radioactive die could be shown by a reduction in such 
drawing force. Have you noticed this in your tests? 


L. A. Cooper: May I add to Mr Tourret’s example 
another which has been published in America recently by 
Loeser, Wiquist, and Twiss??% They used an oil 
containing a radioactive additive in a cam and tappet 
rig to follow the behaviour of this additive. The latter 
was a zine dialkyl dithiophosphate based, I believe, on 
radioactive isotopes of sulphur and phosphorus. They 
showed with this additive in a mineral oil lubricant that a 
protective film was built up progressively with running 
time on the faces of the cam and tappet. The layer was 
itself radioactive. As soon as the additived oil was 
removed and a straight oil substituted, the protective 
film began to wear off quite rapidly under the conditions 
of test employed. 

This behaviour would not be expected if the author’s 
suggestions are correct. 


Dr T. Salomon: I do not think Mr Cooper’s explanation 
is right. I have not yet had the latest paper by Loeser, 
Wiquist, and Twiss, of which I have only seen a brief 
summary,!® but on the basis of two previous publica- 
tions 7°! dealing with the same topic I believe that the 
following effect is involved—the authors first of all bed-in 
the cam and tappet rig with oil containing a certain 
proportion of zine dialkyldithiophosphate. The oil is 
then drained, the system flushed with kerosine, and 
then filled with pure mineral oil for the scuffing test. 
Time required to obtain scuffing is considerably greater 
than when there has been no preliminary running in 
with zine dialkyldithiophosphate; on the other hand, 
the wear produced is greater. The authors stress that 
what is occurring is chemical wear, with polishing of the 
carrying surface, which surface becomes larger but also 
more homogeneous, ensuring a better spread of the 
applied load. We are hence concerned with chemical 
wear causing a favourable effect, since such wear delays 
undesirable scuffing. As I have already mentioned, I 
do not think that electrostatic charges are involved in the 
process of chemical wear. 


Dr P. J. Agius: I would like to ask Dr Salomon’s 
opinion on a point of experimental technique which is 
only slightly related to the paper he has so ably given. 

There has been some work carried out on thin lubricant 
films, in which attempts are made to determine film 
thickness by measuring the current passing through these 
thin films, either during gear operation, or during the 
operation of various mechanical devices.’ A small 
potential difference is applied between the rubbing sur- 


faces in the presence of lubricant, and the current flowing 
is measured. This current is then related to the thick- 
ness of the lubricant film, which is determined in this 
way. 

In view of the fact that we are apparently getting 
potentials developed purely as a result of the rubbing or 
the separation of the surfaces as has been discussed 
tonight, and quite apart from any applied potential, I 
wonder whether Dr Salomon would like to comment on 
the validity of lubricant film thicknesses determined in 
the way described. 


Dr T. Salomon: Three methods of electrical measure- 
ment have been suggested to determine the thickness of 
an oil film. Resistance (which I have already mentioned 
in Section 5.2 to indicate the existence of another doubt- 
ful factor, to be added to those already known for the 
case of very thin oil films), discharge voltage, mentioned 
by Cameron in the paper quoted, and capacity. 

Without going into detail, we may say that the 
measurement of capacity has certain advantages over 
the other two methods, because such measure is not sub- 
ject to the various uncertainties which influence measure- 
ment of resistance or discharge voltage. Other things 
being equal, the capacity varies with the permittivity 
of the oil, which latter, in the case of a non-polar liquid, 
remains reasonably constant. This technique can hence 
be used only for pure mineral oils and not, for example, 
for detergent oils. 

The measurement of capacity is independent of the 
conductivity of the medium and of the presence of electro- 
static charges; on the other hand, it is dependent on the 
geometry of the apparatus, which must be constant and 
well-defined. Hence, surfaces in contact must, during 
the measurement, undergo no distortion or wear. Sucha 
condition is difficult to fulfil for a system exposed to high 
pressures. Crook !% has developed an ingenious appara- 
tus to avoid the difficulty due to distortion. Instead 
of measuring capacity between the two disks within the 
contact zone, he measures the capacity of the oil film 
which covers the disk surface without such zone, the film 
being covered by an unloaded pad. The measurement 
of capacity is thus made between such pad and the disk, 
which are separated by the oil film. 

Such technique is no longer applicable if the disk is 
attacked by wear. To the extent that such wear was 
promoted by the production of electrostatic charges, I 
think that this could be avoided by making the oil 
sufficiently conducting to prevent the build-up of electro- 
static charges. This can now be done by the addition of 
traces of certain products which do not affect the 
essentially non-polar nature of the liquid. 

From the capacity thus measured Crook obtained the 
rate of flow of oil between the disks and thence calculated 
the thickness of the film of oil separating the two disks at 
the point of maximum pressure. This calculation gives 
a value for the apparent thickness, which is not 
necessarily that of the film actually present, especially 
when the maximum pressure is high. This calculation 
involves the viscosity of the oil, which varies not only 
with the temperature but also with the pressure, whilst 
the permittivity of the mineral oil is unaffected by the 
pressure. 

It has not yet been shown that the measurable pressure 
coefficient of viscosity of an oil is equally valid for the 
case of a thin oil film whose true thickness it is desired to 
determine, especially since these maximum pressures are 
often due to a shock effect and not to a prolonged applica- 
tion of pressure, such as is the case when the viscosity/ 
pressure coefficient is measured; such reservation is 
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necessary for the case of high pressures, pending a better 
knowledge of this factor. 


A vote of thanks to the author was accorded with 
acclamation. 
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THE RHEOLOGICAL PROPERTIES OF BITUMENS AND TARS* 
By E. N. THROWER 


INTRODUCTION 


A very high proportion of the roads of Great Britain 
are surfaced with bituminous materials, consisting of 
mineral aggregate varying in size from | » or so up to, 
say, | inch, with a proportion of bitumen or tar added 
to act as a binder. The behaviour of the road is 
controlled to a large extent by the properties of the 
tar or bitumen; this paper is primarily concerned 
with these properties. It would, however, be as well 
to preface this discussion by a brief description of the 
materials used, and of the conditions to which they 
are subjected. 

There are two main classes of bituminous surfacing 
materials, rolled asphalts and macadams. The former 
are dense, impervious materials, which typically might 
contain, say, 7 per cent by weight of bitumen, 40 per 
cent of stone (i.e. aggregate retained on a No. 7 B.S. 
sieve), 45 per cent of sand (< No. 7 B.S. sieve), and 
8 per cent of filler (<< No. 200 B.S. sieve). The grading 
of each of these constituents is fixed by the relevant 
British Standard (B.S. 594: 19501). The maximum 
size of stone is fixed by the finished thickness of the 
surfacing, and is normally between one-half and one- 
third of this dimension. Specifications for wearing- 
course materials containing up to 60 per cent of stone 
are given in B.S. 594. Dense materials similar to 
rolled asphalts can be manufactured using tar as a 
binder. 

The macadams, on the other hand, are open-tex- 
tured materials, containing much higher proportions 
of stone, with much less filler, or even none at all. A 
typical composition might contain say 4 per cent of 
binder (either a tar or a bitumen), and the largest 
stone might be up to three-quarters of the thickness 
of the surfacing. Because of the grading of the aggre- 
gate, macadams are not so dense and impervious as 
the rolled asphalts. 

This brief description of the materials makes it 
clear that their rheological behaviour is likely to be 
very complex. Apart from the difficulty of giving a 
quantitative account of the behaviour of liquid/solid 
mixtures of such high solid concentrations, which has 
been discussed in Road Research Technical Paper No. 
28,? the fact that in most cases the size of the largest 
particle is comparable with the thickness of the layer 
means that test methods and theories which assume 
that the materials are homogeneous are likely at best 
to be very approximate. 


The most important single factor affecting the be- 
haviour of all these materials is the temperature. 
The range of interest runs from road temperatures, 
say —10° to +45° C, up to mixing temperature, say 
80° to 100° C for macadams and 180° to 200°C for 
rolled asphalts. At the lowest road temperatures the 
materials behave approximately as elastic solids, but 
as the temperature increases, so does the incidence of 
permanent flow, so that at the higher road tempera- 
tures the materials must be regarded more as rather 
complicated, non-linear “ liquids ’’ of high consistency. 
Their investigation thus requires different techniques, 
and the behaviour of tars and bitumens at low and at 
high temperatures will be discussed separately. 

Although this paper is concerned mainly with the 
properties of tars and bitumens, it is of interest that 
such a division is made more useful by the fact that, 
while for small strains in the elastic region bituminous 
materials behave according to a linear relation, their 
resistance to permanent flow is extremely non-linear; 
in fact, their flow behaviour depends not only on the 
magnitude of the stress applied, but also on the type 
of stress system. Thus, for instance,’ the effect of 
superposing several stresses in different directions on 
a linear material can be calculated by superposition of 
the strains which each would produce separately, but 
this is by no means true of bituminous surfacing 
materials in the region of permanent flow. An 
approximate theory of the behaviour of samples suffi- 
ciently large for their inhomogeneity to be neglected 
has been investigated by Nijboer.* This theory, 
carried over and extended from soil mechanics, is 
based on Coulomb’s criterion for the onset of flow, and 
states that flow will occur on any plane in the material 
on which the shearing stress S satisfies the inequality 


S>ptan¢+C 


in which p is the normal stress acting across the plane, 
and ¢ and C are constants of the material. Bitumin- 
ous materials follow this theory only approximately, 
however, and the difficulty of extrapolating from the 
large sample case to the practical conditions in which 
the inhomogeneity cannot be neglected is very real. 


STRESS APPLIED TO ROAD SURFACINGS 


Measurements made at the Road Research Labora- 
tory * suggest that the vertical, normal stress applied 
to a road surface by a pneumatic-tyred wheel may be 


* MS received 20 October 1958. 


+ Road Research Laboratory, D.S.I.R., Harmondsworth, Middlesex. 
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up to 14 to 2 times the inflation pressure of the tyre. 
In addition to this stress there are tangential forces 
due to the tractive effort and to the deformation of 
the tyre as it touches the road surface, forces which 
it is not easy to measure reliably. Values of up to 
80 p.s.i. have been observed. This, of course, only 
specifies the forces applied over a localized part of the 
surface of the material, and gives no information about 
the stresses produced in the body of the material by 
the action of these forces. These are much more 
inaccessible, and, indeed, in view of the point made 
earlier concerning the size of the aggregate with respect 
to the thickness of the surfacing, it is probably not a 
very helpful concept in those circumstances in which 
the heterogeneity of the materials is important. 
However, at low temperatures the materials behave in 
a roughly elastic fashion, and under these conditions 
it may be useful to consider the materials as homo- 
geneous. Fox ° calculated the stresses induced by a 
vertical force in an idealized model of a road structure 
consisting of one layer of Young’s modulus EF, and 
Poisson’s ratio o, superposed on a semi-infinite layer 
of elastic constants H,, o,. He showed that when 
E,/E, is 100, and o, = o, = 0-5, tensile stresses of 
more than three times the applied normal stress may 
be induced in the upper layer. Such a ratio of moduli 
is by no means impossible at the lower road tempera- 
tures, and tensile stresses which may reach 180 to 
300 p.s.i. must therefore be reckoned with. (It is of 
interest to note in this connexion that the tensile 
strength of concrete is of the order of 500 p.s.i.) Even 
higher tensile stresses may occur, since the analysis 
neglects the effects of the tangential forces due to 
tractive effort, accelerations, etc. 

As the modulus Z, decreases, the tensile stresses 
due to the normal stress decrease also, until finally 
the whole of the structure is subject only to com- 
pressive stresses. The effective elastic modulus of 
bituminous materials decreases rapidly as the tem- 
perature rises. At temperatures at which deforma- 
tion becomes significant, the idealized model analysed 
by Fox is unlikely to represent the conditions very 
accurately. 


COMPOSITION OF BITUMENS AND TARS 


For the purposes of this paper, the term bitumen 
will be defined as the very viscous materials obtained 
by distillation of crude petroleum oil; tars are defined 
as rheologically similar materials derived from the 
distillation of coal. 

Bitumens and tars can both be separated into 
several fractions using various selective solvents. It 
is, for instance, common to separate bitumens into 
two main fractions, using 60/80 petroleum ether or 
n-heptane; the soluble portion is called the ‘“‘ malt- 
enes ”’ and the insoluble fraction the “ asphaltenes.”’ 
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Pfeiffer et al ® suggests that bitumens are colloidal in 
structure, the asphaltenes, broadly speaking, forming 
the micellar disperse phase, and the maltenes the dis- 
persing medium. This view, however, is not uni- 
versally accepted. The evidence in support is not 
conclusive, and is certainly not consistent only with 
such a hypothesis. In fact, an electron microscopic 
study of various bitumens by Katz and Beu?’ led 
them to conclude that any micelles present in their 
materials must have had a diameter of <65 A, corre- 
sponding with a particle weight of only 90,000. 
For the purposes of this paper, the colloidal structure 
theory of Pfeiffer and Saal has been accepted. It is, 
however, important to realize that the identity of a 
bitumen cannot be specified unambiguously; the best 
that can be done is to quote the origin of the crude oil 
from which it is derived, and its method of prepara- 
tion. Other methods of specification and identifica- 
tion, based on rheological properties, are given in this 
paper. 

The important properties in relation to their use in 
roads are their rheological properties, their adhesive 
properties, and their resistance to attack by weather; 
this paper is concerned with the first group only. 

Coal tars are produced by three main methods, 
namely, horizontal-retort, vertical-retort, and coke- 
oven processes, the main difference lying in the tem- 
perature of carbonization. Like bitumens, they can 
be separated into various fractions by selective sol- 
vents, and are generally assumed, more by analogy 
with bitumen than by definite evidence, to be 
colloidal in nature. Their structure is, however, by 
no means settled. 


RHEOLOGICAL BEHAVIOUR OF TARS 
AND BITUMENS AT HIGH TEMPERATURES 


Both tars and bitumens can be obtained in a wide 
range of consistency at room temperature, ranging 
from apparently solid materials to quite mobile 
liquids. The industrial method of measuring the con- 
sistency of a bitumen involves determining the depth 
to which a standard needle penetrates into a sample 
at a standard temperature, when loaded with a 
standard weight for a standard time. The penetra- 
tion (“‘ pen ’’) is quoted in units of 0-1 mm. Bitumens 
of between, say, 10 and 450 pen are used for road 
purposes, being sometimes “ cut-back” to a lower 
viscosity by the addition of a more or less volatile 
solvent. The “ softening point ”’ is also often quoted ; 
this is, roughly speaking, an equi-viscous temperature 
test. Details of both these tests are given in the 
literature.® 

The consistency of tars and soft pitches is expressed 
in a different way, by quoting the temperature at 
which the material has a standard kinematic viscosity. 
This is quoted as the “ equi-viscous temperature ” or 
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e.v.t. of the tar. Tars of between, say, 30°C and 
50° C e.v.t. are used for road purposes. In addition 
to this test, the softening point method is also applied 
to the more viscous tars and pitches. 

Lee and Warren ® investigated the rheological be- 
haviour of a range of bitumens, generally using a 
concentric cylinder viscometer. The rotation/time 
curves for a 65-pen straight-run bitumen (i.e. one 
obtained by distillation) of Venezuelan origin is given 
in Fig 1. The behaviour of this sample is typical of 


On this classification, the Venezuelan bitumen belongs 
to the sol-type, and the blown Mexican bitumen to 
the gel-type. 

There are difficulties in interpreting the rotation/ 
time curve for highly elastic materials (such as the 
blown bitumen) in the high-strain region, and it is 
possible that it may not be as non-linear as the curve 
suggests. (For further discussion of this point see 
Reiner ?° and Burgers."!) There is, however, no doubt 
that there is a marked difference between the materials. 
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ANGULAR ROTATION/TIME CURVE FOR 65-PEN VENEZUELAN BITUMEN AT 15°C 
Shear stress = 1-05 x 10° dyne/sq. cm 


the class of bitumens normally used for road purposes. 
It shows a retarded elastic strain when the stress is 
applied, followed by a region of constant velocity. 
Retarded elastic recovery, corresponding to the initial 
elastic strain, follows removal of the stress. The 
curve obtained by Lee and Warren for a blown Mexi- 
can bitumen (produced by blowing air at high tem- 
peratures through the bitumen under conditions 
designed to minimize distillation) is shown in Fig 2. 
The behaviour of this material is rather different from 
that of the Venezuelan bitumen; the initial elastic 
effects are much greater and are followed by a region 
of an accelerating, rather than a constant, rate of 
strain. Pfeiffer et al* divide bitumens into three 
main classes, which they term respectively “ pitch- 
type,” “sol-type,” and “ gel-type,” in accordance 
with their colloidal theory of the structure of bitumens. 


Pfeiffer and Saal ® associated the differences between 
their groups with the degree of peptization of the 
micelles; in the sol-type bitumens the micelles are 
regarded as being completely peptized, so that they 
behave roughly as independent entities, with only 
hydrodynamic interaction between them, while in the 
gel-type bitumens the micelles are less completely 
peptized, and intermicellar links of some kind (chiefly 
polar) are produced, thus forming an open structure 
to which the very pronounced elastic effects are 
attributed. There is close association between the 
rheological behaviour of a bitumen and its asphaltene 
content; the higher the asphaltene content, the more 
the material exhibits these gel-like characteristics. 
The chemical nature of the maltenes is also important, 
and it is possible to prepare “ synthetic ’’ bitumens 
by dispersing the asphaltenes from one bitumen in 


JOURNAL OF THE INSTITUTE OF PETROLEUM 


© 
Ag 
j 


THROWER: THE RHEOLOGICAL PROPERTIES OF BITUMENS AND TARS 83 


maltenes of varying chemical constitution so as to 
produce bitumens exhibiting the whole range of be- 
haviour from sol to gel. 
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FOR BITUMENS AT 25° 
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The relation between shear stress and rate of strain 
for a range of 65-pen bitumens of various origins is 
shown in Fig 3, all but one measurement having been 
made at 25°C. The Venezuelan, Californian, Lobitos, 
and “ Mexican ”’ bitumens are straight-run bitumens. 
The two blown bitumens are Mexican fluxed with an 
oil of low viscosity. The bitumen from Trinidad is 
a naturally occurring bitumen and contains appreci- 
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able quantities of finely divided mineral matter 
(chiefly clay). 

It can be inferred from Fig 3 that at 25°C the 
materials behave as true liquids, i.e. even the smallest 
shear stress will cause unlimited strain. Like all such 
conclusions, of course, this must not be extrapolated 
outside the range of stresses actually used. These 
varied from 3000 dynes/sq. cm to about 105 dynes/sq. 
em, although for the blown bitumen the lowest stress 
was about 10‘ dynes/sq.cm. The data do not exclude 
the possible existence of a yield stress below these 
limits. This is especially true for the blown bitu- 
men, which, at the test temperature of 32° C, could 
have a yield stress of about 5000 dynes/sq.cm. The 
development of an interconnected micellar structure 
in such blown bitumens, referred to above, makes 
the existence of such a yield stress plausible. Quali- 
tative observation of the behaviour of straight-run 
bitumens at low temperatures also suggests that these 
too may show a small yield stress. 

In practice, however, the yield stress, if any, of most 
bitumens is too small to affect their road behaviour 
under the stresses applied by traffic, and the materials 
may be regarded as true liquids. The relation be- 
tween the shear stress and rate of shear is usually non- 
linear, and in many cases fits the Ostwald equation 
D = ks?, where D = rate of shear, s = shear stress; 
k, p, are material constants. Despite the usual di- 
mensional objections to this form of relation, Lee and 
Warren ® suggested that it was useful to express the 
data in this way, since the exponent p serves as a 
criterion of non-Newtonian flow. Values of p range 
from 1 for the Californian bitumen at 25° C up to 1-5 
for the blown bitumen (although, in this case, the 
curves of log s against log D are not straight). 

As the temperature is increased, the elastic effects 
become less observable in “ static ’’ tests of this kind. 
This is not to say that the elastic modulus increases 
with temperature. Indeed, most of the available data 
suggest that the elastic modulus (defined as the ratio 


- shear-stress/shear-strain recovery), although often 


non-linear, decreases quite markedly with increased 
temperature. Thus, Lethersich,” using a technique 
involving the extension of prismatic specimens which 
is not open to the same difficulties of interpretation as 
the concentric-cylinder viscometer, found that for 
some bitumens an increase of temperature of 5° C 
was sufficient to reduce the modulus to } to } of its 
initial value. Results from concentric-cylinder 
measurements show the same sense of variation. 
This statement is amplified later. The point here 
is that because the viscosity decreases so rapidly 
with increasing temperature, observations of the 
elastic behaviour at stresses low enough to produce 
a reasonable shear rate become very difficult, and, for 
most practical purposes, unimportant. 

The value of the exponent p in the Ostwald equation 
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also tends to 1-0 as the temperature increases (al- 
though, as already stated, because the non-linearity 
of the shear-stress/rate of shear relation may be, in 
part at least, due to the experimental arrangements, 
this may be merely a consequence of the reduced 
significance of the elastic effects). At high tempera- 
tures, therefore, the materials approximate closely to 
Newtonian liquids. 

The variation of viscosity with temperature for 
65-pen bitumens is shown in Fig 4, over the tempera- 
ture range 15° C to 190°C. For the higher tempera- 
tures, capillary viscometers of the Ostwald type were 
used in place of the concentric-cylinder equipment. 
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These viscosity/temperature curves do not follow 
the Andrade—Eyring equation: 


or, to put it another way, the activation energy for 
viscous flow E,i, at constant pressure varies consider- 
ably with temperature; for the Venezuelan bitumen 
it is about 40 keal/g mol at 15° C, and about 18 keal/g 
mol at 150°C. Jobling and Lawrence * have shown 
that, for many liquids, the activation energy for 
viscous flow at constant volume is constant over a 
wide range of temperature, from 0° to 230°C. No 
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VISCOSITY/TEMPERATURE RELATION FOR DIFFERENT 65-PEN BITUMENS 


One significant fact is that, although the bitumens 
were all 65-pen, their viscosities differ widely, even at 
25° C, the temperature at which the penetration is 
measured. The greatest discrepancy is shown by the 
blown bitumen, as might be expected in view of its 
elastic properties. The discrepancy is probably due 
to two factors, first, that the penetration result is 
affected not merely by the viscosity of the bitumen, 
but also by its elastic behaviour, and secondly, that 
in view of the non-linearity of the shear-stress/rate of 
shear relation, the high stresses involved in the pene- 
tration test would probably cause the effective viscosity 
in this test to be relatively low for materials of high 
p-value. 


similar direct measurements have been made for bitu- 
mens, but Pfeiffer * gives data on the compressibility 
and thermal expansion of a 54-pen straight-run 
Californian bitumen and on a 44-pen straight-run 
Venezuelan bitumen, and also tabulates their viscosity 
as a function of temperature and pressure. From 
these data the variation of the viscosity with tempera- 
ture at constant volume can be derived. Over the 
range 25° to 50°C covered by their data, the curves 
are, in fact, straight, although the corresponding 
relations at constant pressure are very curved. The 
activation energies at 25°C at constant pressure 
(atmospheric) are 48 keal/g mol for the Californian and 
33 keal/g mol for the Venezuelan, compared with 39 
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and 28 kcal/g mol respectively at constant volume 
(density as for 25° C, atmospheric pressure). In view 
of Bridgman’s uata on the effect of pressure, which 
suggest that for non-associated liquids the activation 
energy at constant volume is much less than that at 
constant pressure, this small difference between con- 
stant volume and constant pressure conditions may 
perhaps again indicate the occurrence of associated 
complexes of molecules. It is interesting that the 
Californian bitumen, which shows the larger difference 


solution proposed by Lee and Warren ® makes use of 
the empirical fact that the relation between log » and 
log T° F is fairly linear over the temperature range 
that is of most importance from the point of view of 
road conditions. The slope of the line can be used as 
a measure of the temperature coefficient of the 
viscosity, although the method has the disadvantage 
that the quantitative significance of differences in the 
coefficient is not immediately apparent. 

Most of the data given in Fig 4 are re-plotted in this 
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between the two activation energies, and might there- 
fore be less associated, is a bitumen of the sol-type, 
with only 5-1 per cent of asphaltenes, while the 
Venezuelan (15-5 per cent of asphaltenes) is of the 
gel-type. 

From a practical point of view, it would be useful 
to have a single figure to express the effect of tempera- 
ture on the viscosity, and, even if it were found that 


at constant density bitumens did follow the Andrade— 


Eyring equation, the resulting value for the activation 
energy would not be very convenient for this purpose. 
Ideally, perhaps, the best measure would be the value 
of d log »/d7’, since this figure is immediately useful 
for comparative purposes. Its value, however, varies 
too rapidly with temperature to be of much use. One 
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fashion in Fig 5. The anomalous behaviour of the 
waxy Egyptian bitumen is again apparent, but apart 
from this sample the lines are fairly straight over the 
range from about 15° up to 125°C. Although this 
includes all road temperatures at which viscous flow 
is significant, it does not include the normal tempera- 
tures of mixing for the harder bitumens, and it might 
therefore be necessary in some cases to supplement 
the coefficient by quoting a point on the »/7' curve 
around mixing temperature, say the temperature at 
which the material reaches a viscosity of 2 poises. 
In view of the variation in viscosity with shear 
stress (or rate of shear), there is some ambiguity in 
these coefficients, since the coefficient determined at 
constant shear stress would differ from that obtained 


ay 
4 

x 


86 THROWER: THE RHEOLOGICAL PROPERTIES OF BITUMENS AND TARS 


at constant shear rate. (For dimensional reasons, it 
would be better to deterfaine the coefficient at con- 
stant power input, since this avoids the difficulties 
inherent in assuming that the viscosity, which is a 
scalar, is a function of shear stress, or shear rate, which 
are vectorial in character.) The differences between 
the two coefficients are, however, quite small, and for 
practical purposes can be ignored over the temperature 
range to which the equation is applicable. 

Other methods of expressing the change of consis- 
tency of bitumens with temperature are often used. 
Perhaps the most important method is based on the 
use of the penetration test. It is found that the rela- 
tion between the logarithm of the penetration and 
temperature is approximately linear, and from its 
slope ‘‘A”’’ a temperature coefficient can be deter- 
mined. It is not often used in this form, however, 
but a parameter, called the Penetration Index (P.I.) 
is derived from A, by the relation 


50 A = Pl. 


10 + PL. 

This relation was chosen by Pfeiffer and van Door- 
maal '* so that the P.I. of a particular bitumen was 
zero. Values for most bitumens lie within the range 
—2 up to +6. As already shown, the penetration is 
not related simply to the viscosity, but involves also 
elastic effects and, since the temperature coefficient of 
viscosity is so much higher than that of the elastic 
modulus, the temperature coefficient of the penetra- 
tion is likely to be higher for those bitumens showing 
little elastic effects than for those showing marked 
elasticity. This is found to be the case, and in fact 
the main importance of the penetration index is that 
it affords a simple means of roughly classifying a 
bitumen according to its rheological properties. 
Pfeiffer states that bitumens with P.I. << —2 are 
Newtonian liquids of high elastic modulus (“ pitch ”- 
type), bitumens with —2 < P.I. < +2 show slight 
elastic behaviour and thixotropy (sol-type), while 
bitumens with P.I. > +2 belong to the gel-like group, 
with marked elasticity and thixotropy. van der Poel 
has used the P.I. as a basis for a general scheme for 
correlating the rheological properties of bitumens; 
this will be referred to later (see p. 91). 

The rheological behaviour of tars is considerably 
simpler than that of bitumens, mainly because, to a 
first approximation, their behaviour is independent of 
their origin. They do not show elastic effects under 
normal testing conditions (e.g. in a concentric-cylinder 
viscometer), t.¢e. their elastic modulus is much higher 
than that of most bitumens. In the consistencies 
used for road work they are Newtonian liquids, al- 
though some very viscous pitches show slight thixo- 
tropy. Plots of shear stress against rate of shear 
appear to pass through the origin, showing no yield 
value, although data at very low stresses are not very 
extensive. 


A typical viscosity/temperature curve for a 63° C 
e.v.t. tar, together with that for the 65-pen Venezuelan 
bitumen referred to earlier, is shown in Fig 6 over the 
temperature range 0° to 45°C. The rate of variation 
of viscosity with temperature is higher for the tar than 
for the bitumen, with the result that the tar is more 
viscous than the bitumen below about 10°C, but 
above this temperature the order is reversed. Appli- 
cation of the Andrade-Eyring equation again yields 
a temperature-dependent activation energy and, to 
obtain a figure for the temperature coefficient of vis- 
cosity, the fact that log » is related linearly to log 


100 —- 


\ 


80 


rae) 


Bitumen 


| 


$0 


4-0 


LOG ABSOLUTE VISCOSITY - poises 


30 
re) 10 20 30 40 sO 
TEMPERATURE ~°C 
Fic 6 


VISCOSITY /TEMPERATURE CURVE FOR 63° e.v.t. TAR AND 
65-PEN VENEZUELAN BITUMEN 


T° F is again used. Temperature coefficients so de- 
fined can be related to the consistency of the tar; the 
higher the viscosity of the tar at some fixed tempera- 
ture, the higher the logarithmic temperature coeffi- 
cient. As remarked earlier, the standard industrial 
method of expressing the consistency of a tar is its 
equiviscous temperature; Fig 7 shows the relation 
between the logarithmic temperature coefficient and 
the e.v.t. of tars and bitumens. It will be seen that 
the temperature susceptibility of a tar is always 
greater than that of a comparable bitumen, which 
means that the tar will have a higher viscosity than 
the bitumen at low temperatures (and may therefore 
be more brittle) and a lower viscosity at high tempera- 


JOURNAL OF THE INSTITUTE OF PETROLEUM 


| 
90 
| 
= 
| 
| 
| 
2 
‘ 


THROWER: THE RHEOLOGICAL PROPERTIES OF BITUMENS AND TARS 87 


tures (which may lead to increased deformation under 
traffic). In practice, however, it is difficult to make 
use of tars whose viscosity at road temperatures is the 
same as that of the harder bitumens used for rolled 
asphalt, because excessive fuming occurs when the 
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hard tars are heated to a viscosity suitable for mixing. 
Although it is possible, by suitable proportioning of 
the mineral constituents, to use the relatively soft 
tars to produce durable dense surfacings akin to the 
rolled asphalt, this fuming difficulty chiefly limits the 
use of tars to materials of the macadam type, whose 
resistance to shear is derived from the mechanical 
interlock between aggregate particles rather than from 
the viscosity of the binder itself, as is the case with 
materials of the dense rolled-asphalt type. The 
macadams, however, are relatively pervious, and 
expose a larger area of the binder to the action of 
weather and in these circumstances the susceptibility 
of tars to weathering, which is greater than that of 
bitumens, is a further limiting factor. Apart from 
their frequent use in such macadams, tars are in wide- 
spread use as a binder for surface dressings. 

So far, the behaviour of tars and bitumens in bulk 
has been considered. For road purposes, however, 
they are normally used in very thin films. In a rolled 
asphalt, for instance, the surface area of the mineral 
aggregate is so great that the quantity of binder 
present is sufficient to produce an average film thick- 
ness of the order of 10 u, and it would clearly be 
dangerous to extrapolate the results of tests on bulk 
samples to such conditions. However, there is evi- 
dence that the viscosity of bitumens of only a few 
tens of microns thick is the same as that of the material 
in bulk.1® Further, to a first approximation, the 
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deformation characteristics of road surfacing com- 
positions are controlled by the viscosity of the binder 
in bulk, i.e. the interaction between the two is mainly 
hydrodynamic. For instance, the variation with tem- 
perature of the rate of extension of specimens of a road 
surfacing material follows quite closely that of the 
binder alone, as shown in Fig 8. 

Divergences from this general correlation do occur, 
however. Thus, there are differences between the 
relative viscosity (viscosity of a mixture/viscosity of 
binder) of filler/binder mixtures made from one filler, 
and a range of binders. Such second order differences 
may be important in certain cases, and are often 
attributed to selective adsorption at the binder/filler 
interface. A further point in this connexion is that, 
under the influence of traffic loads, it seems likely that 
quite high pressures may be developed in the binder 
film between two particles of aggregate. As has 
already been pointed out, the pressure coefficient of 
viscosity of bitumens is quite high, and may play a 
role here similar to that in lubricating oils, in assisting 
to maintain the film intact. Differences between 
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bitumens of the various groups do not seem very great 
in this respect. The data given by Saal, referred to 
earlier, can be expressed empirically by an exponential 
law 7 = noe”!?* over the range of pressures they used, 
0 to 500 kg/sq. cm, and the value of P, may be used 
to compare the bitumens. For the Californian (group 
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1) bitumen referred to earlier, its value was about 
110 kg/sq. em, while for the Venezuelan it was about 
140 kg/sq. em, both at 30° C. 


RHEOLOGICAL BEHAVIOUR OF TARS 
AND BITUMENS AT LOW TEMPERATURES 


As already stated, the elastic behaviour of bitumens 
and tars becomes increasingly important as the tem- 
perature decreases, because the temperature coeffi- 
cient of their viscosity is much higher than that of 
their elastic modulus. The description of their be- 
haviour at low temperatures is accordingly best 
approached by a discussion of their elastic properties. 

The delayed elastic effects which can be seen in Figs 
1 and 2 are qualitatively similar to those shown by 
a material characterized by the equation 


where p is the shear stress; 
¢ is the shear strain; 
+, is a relaxation time; 
+, is a retardation time; 
7 is the (steady state) viscosity ; 
and +, are material constants. 


Quantitatively, however, there are differences. In 
the first place, a material represented by (1) would be 
linear, i.e. the strain after a constant time under a 
constant stress would be proportional to the stress, 
but it has already been shown that most bitumens 
are slightly non-linear. This difficulty can be removed 
if small strains only are considered; this is reasonable, 
since low temperatures only, when strains are in 
practice necessarily low, are being considered. How- 
ever, equation (1) predicts that the strain/time curve 
for a constant stress would be the sum of a viscous 
component, increasing linearly with time, and a de- 
layed elastic component, according to 


where G@ is the shear modulus. Thus, if the viscous 
term be subtracted, the remainder should follow a 
simple exponential law. This is not found to be true. 
A closer approximation would be to assume that the 
material could be described by two or more retarda- 
tion times +; with their corresponding elastic moduli 
G;. In this case equation (2) becomes 


t 


Such a process would be rather ambiguous; several 
different sets of values of G; and +; could be found to 
represent the data adequately. Since the delayed 
elastic strain is a continuous, uniformly increasing 


function, however, it can be represented by an in- 
tegral of the form contained in equation (4), 


0 


Such a representation can be seen, by comparing 
equation (4) with equation (3), to be equivalent to 
assuming that the material can be described by an 
infinite number of retardation times, the f(+) term 
appearing in equation (4) being the distribution func- 
tion. The constant J, represents the value of 
elastic strain/stress, i.e. the compliance, at infinite 


time; | f(+)d+ is defined to equal 1. The theory of 
0 


materials behaving in this way has been worked out 
by many authors, e.g. Leaderman?® and Gross.!’ 
Certain aspects of the theory will be outlined briefly. 

Dividing both sides of equation (4) by the stress p, 
and adding a term to account for the possibility of an 
instantaneous elastic strain, a time-dependent com- 
pliance, J(t), is obtained such that 


in which y(t), often called the creep function, is 
Hy =[ fd 
0 


As already stated, this assumes that the differential 
equation underlying the behaviour of the material (a 
generalization of equation (1)) is linear, with constant 
coefficients. If this is so, then the strain that is 
caused by superposing several stresses, either in space 
or in time, can be calculated by superposing the strains 
that would occur if the stresses acted separately. 


Thus, if the stress is changing at the rate e at t = 6, 
at ¢ = 6 + d® the stress has increased by 2 dé, and 


the strain de measured at time ¢ due to this increment 
of stress is, from equation (5) 


é t— 6 
de = do (4. + — 0) 


Hence 


t—9 
e(t) = | + + — 


— 


This is one form of the superposition principle. 

If, therefore, the value of J(t) over the whole range 
of time is known, the response of the material to other 
and more complicated cases of stresses which vary 
with time can be calculated. It is easy to measure J(t) 
over times longer than, say, 1 second, but shorter 
times present more difficulty. 
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Suppose, however, that the material is subjected to 
a sinusoidally varying stress, i.e. p = pe"? in (7) then 


t 


which gives 
so that a complex compliance J* can be defined as the 


complex ratio strain/stress when both are varying 
sinusoidally, i.e. 


Putting J* = J, +- iJ, and splitting the right-hand 
side of equation (8) into real and imaginary parts, 
then 


J, =— —J,| sin 0 (9b) 


Measurement of J* over the whole range of fre- 
quency is thus an alternative method of specifying 
the mechanical behaviour of a linear visco-elastic 
material, since the response to non-sinusoidal stresses 
can be calculated from J* by the methods of Fourier 
analysis. J* is most easily measured at the higher 
frequencies, i.e. shorter times, in contrast to J(é). 


If 


and N(a) = 


where f(t) is the distribution function of retardation 
times +, it can be shown !7 that 


and hence it would be expected that at high frequencies 
(o@——> 0) 
|J*|—> Jy 
while at low frequencies («——> 0) 
—> — 
an 


From equations (5) and (6), on the other hand, it 
can be seen that J(t) —> Jo, t > 0, and J(t) —> 


‘, t—+> o. If, therefore, J(t) is plotted against time 
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t, and on the same graph |J*| is plotted against 1/a, 
both curves will coincide for short times (high fre- 
quencies) and again at long times (low frequencies) ; 
they may differ in between. van der Poel has made 
use of approximations of this kind in work which is 
referred to later. 

The development above started from equation (1), 
which gives the strain produced by a given stress, and 
leads to the definition of the compliance function /(t) 
and the complex compliance J*. An alternative de- 
velopment would start from an equation similar to 
(1), but giving the stress produced by a given strain. 
This would then lead on to the definition of a modulus 
function G(t), defined as p(t)/e, in which p is now a 
function of time, and ¢ is a constant, and to a complex 
modulus @*, defined as the complex ratio stress/strain, 
when both are varying sinusoidally. Although it is 
clear that G* = 1/J*, the relation between J(t) and 
G(t) is not so direct, except in the limits t——> 0, 
© when G(t)——> 1/J(t). In addition, as in 
the case of J(t) and J*, |@*|(»)| >» G(o) and 
|G*(o)| —> G(o). 

There are many ways of measuring G* (or J*); e.g. 
the measurement of the resonant frequency of speci- 
mens determines effectively G, (or J,), while G, (or 
J,) can be determined from the width of the resonance 
curve. A range of frequencies can be covered by 
varying the dimensions of the specimens, and by 
working at harmonics. In the case of longitudinal 
and flexural resonance, the methods really determine 
the complex Young’s modulus E*, and not the complex 
shear modulus @G* that has been implicitly discussed. 
These can be related by the usual equation of elas- 
ticity, 

1 1 
30% * OK* 


in which K* is is the (complex) bulk modulus. In 
many cases, |K*|>>|@*|, so that the materials are 
effectively incompressible, and E* = 3G*. 

An alternative method, in use at the Road Research 
Laboratory, involves the application of sinusoidal 
forces, developed by a moving-coil vibrator, to 
cylindrical specimens. The force applied to the speci- 
men, the displacement of its driven end, and the phase 
angle between them are measured, thus determining 
E*. G@* can also be measured, by applying the force 
axially to the inner of two concentric cylinders, the 
annulus between which contains the material under 
test. 

In considering the results obtained from such tests, 
it is important to determine to what extent the 
materials obey the fundamental hypothesis under- 
lying the theory outlined above, i.e. that the strains 
produced by superposing stresses can be deduced by 
superposing the strains that would result if the stresses 
were applied independently. In the first place, it has 
been found that the modulus so determined is in- 


- 
a 
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dependent of the stress, up to at least 10 p.s.i., the 
maximum that can be used in the Road Research 
Laboratory equipment. Although this is a necessary 
condition for the application of the superposition 
principle, it is not sufficient, since this principle is 
assumed to apply to stresses imposed separately in 
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distribution function of retardation times, from the 
measured compliance function and complex com- 
pliance, etc. Such tests have not so far been applied 
to bitumens and tars, although the results of van der 
Poel, discussed below, are in some degree a test of this 
question. 
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time as well as to stresses distributed in space, while 
i the constancy of Z* only ensures that the strain 
a produced by stresses imposed at a single time is pro- 
aa portional to the stress. Further tests should ideally 
be applied, e.g. the calculation of H* from E(t) (or vice- 
versa), and subsequent comparison of the calculated 
value with measurement, or the calculation of f(+), the 


After van der Poel 


The relations between the compliance function for 
simple tension J(t), the modulus function E(t), and 
the complex modulus £*(w) mentioned above, i.e. that 
E(o) —> 1/J(o) and E(o) —> 1/J(o), and |E*(o)| 
—> E(«) and E(o), have been used by 
van der Poel ‘*® to obtain a general picture of the 
rheological behaviour of bitumens over a wide range 
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of times, although his development did not follow that 
given in the present paper. In the present termin- 
ology, he measured J(t) and |£*(«)|, and plotted 
1/J(t) (which he called the stiffness, s) against time, 
and plotted |Z*| against 1/w on the same graph. A 
single curve through the two sets of data is then an 
approximation to either over the range of times 
covered by both. Curves typical of those he obtained 
are shown in Figs 9 and 10. The curves are actually 
plotted against log time (log 1/m), and are drawn so 
that the curves for different temperatures can be made 
to coincide merely by shifting them along the time 
axis by suitable amounts. Since this coincidence of 
the two curves is possible, one single curve can be used 
to represent the behaviour of a given bitumen at all 
temperatures; it is merely necessary to change the 
time scale by a suitable amount if the temperature 
changes. This possibility implies that the activation 
energies of all retardation times are equal. In addi- 
tion, van der Poel found that the value of J(t) for a 
given bitumen at a given time was a function of the 
penetration index (see p. 86) of the bitumen, and 
of the difference between the test temperature and 
the softening point of the bitumen. He therefore 
constructed the nomogram which is reproduced 
in Fig 11. From the nomogram it is possible to 
determine the value of H(t) for a given bitumen over 
a very wide range of time and temperature, from a 
knowledge of the softening point and penetration 
index of the bitumen. The nomogram represents the 
general behaviour of bitumens, but does not, of course, 
reflect second order differences which may be im- 
portant in certain applications. 

Although it might be difficult to make use of the 
nomogram in many practical problems, the fact that 
it could be constructed does show that, while the 
utility of such empirical tests as the softening point 
and penetration tests has often been questioned, in this 
case these two do reflect important fundamental pro- 
perties of the materials, and jointly seem sufficient 
to specify their general rheological behaviour. 

As yet, little information is available on the elastic 
behaviour of tars and pitches; from their relatively 
simpler flow behaviour, however, in particular from 
the fact that their behaviour is almost independent of 
origin, it seems probable that an account of their 
elastic behaviour could be even more concise than that 
of bitumens, as summed up by the nomogram. 


“ BRITTLE” PROPERTIES OF TARS AND 
BITUMENS 


The “ brittle ’ behaviour of tars and bitumens at 
low temperatures, although not strictly part of their 
rheology, is nevertheless closely connected with it. 
An account of their rheology is not complete without 
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a description of their fracture behaviour at low tem- 
peratures. The subject has been investigated by 
Lethersich,}® Lee and Rigden,?® van der Poel,!® and 
Eriksson.”* 

Lee and Rigden applied constantly increasing tensile 
loads to “diabolo ’’-shaped specimens of the form 
shown in Fig 12, and measured the stress (true stress) 


Fie 12 
MOULD USED FOR BREAKING-STRESS MEASUREMENTS 


at fracture as a function of the rate of loading and 
temperature. A curve typical of their results is given 
in Fig 13, relating breaking stress to rate of loading at 
constant temperature. The breaking stress at high 
rates of loading did not vary much between tars and 
bitumens, and was about 5 to 6 kg/sq.cm. Ata high, 
fixed rate of loading the breaking stress varied with 
temperature, as shown in Fig 14. 

Using larger moulds of the same shape, and drawing 
the specimens out at a high temperature so as to pro- 
duce ‘“ necked ”’ specimens of the same cross-section 
as that of the small, closed type, they found that the 
ultimate breaking stress at high rates of loading was 
much increased, to about 25 kg/sq. cm. They sug- 
gested that this difference might be explained by the 
hypothesis that the criterion of brittle fracture is not 
the magnitude of the simple tension, but that of the 
hydrostatic tension it produces. In the case of the 
original closed moulds adhesion to the walls of the 
mould results in the development of a hydrostatic 
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tension equal to the applied tension, whereas in the 
‘ open ”’ shape of specimen the hydrostatic tension is 
only one-third of the applied stress. The breaking 
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stress in the open specimens should then be three 
times that in the closed type. 

Lee and Rigden also investigated the effect of size 
of specimen on the breaking stress, by extending the 
specimens at a high temperature to various cross- 
sections before cooling and testing. The results for 
a tar and a bitumen are shown in Fig 15. The quite 
dramatic increase in breaking stress does not seem to 
reach a limiting value in these tests, in fact, the rate 
of increase of strength is still increasing at the smallest 
cross-section used. Such size effects are often found 
and are usually attributed to the presence of a statis- 
tical distribution of “‘ flaws” (“‘ Griffiths crack 
theory ”’). 

van der Poel !* used a rather different technique. 
He took thin films of bitumen, and hung loads on the 
end, measuring the time required to break the film. 
Curves of breaking stress plotted against the time 
taken to break were of the type shown in Fig 16. The 


value of the ultimate breaking stress at short loading 
times, about 30 kg/sq. cm, agrees with that obtained 
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by Lee and Rigden for their open-type specimens at 
about 0-5 sq. em cross-section. 
There is some discrepancy, however, between the 
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two sets of results, in that van der Poel did not find 
a reduction in strength with his short “ time-to- 
break ”’ specimens such as Lee and Rigden found for 
the highest rates of loading they used. The difference 
may be due to impact loadings at the highest rates in 
Lee and Rigden’s tests or, more probably, to a stress 
concentration at the centre of their specimens. 
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OBITUARIES 


JOHN McGILLIVRAY BOWNES 
1927-1958 


WE regret to record the death, as the result of an 
accident, of John McGillivray Bownes, at Magwa 
Hospital, Kuwait, on 25 October 1958. 

Mr Bownes graduated from the Royal Technical 
College, Glasgow and joined Kuwait Oil Company in 
1952, as a chemist, in Kuwait. Subsequently he 


gained the Diploma of Imperial College in Petroleum 
Engineering. He was also an Associate of the Royal 
Institute of Chemistry and was elected Associate 
Fellow of the Institute of Petroleum in 1956. 

To his widow and young daughter we extend our 
sincere sympathy in their loss. 


BERNARD ERNEST FREDERICK LILLIE 
1905-1958 


WE regret to record the death, at the Middlesex 
Hospital, London, on 10 November 1958, of Bernard 
Ernest Frederick Lillie. 

Mr Lillie joined Kuwait Oil Company in 1948, 
having then retired from the Regular Army with the 


rank of Lieutenant-Colonel. During his service in 
Kuwait he was employed in the Transport Depart- 
ment, being appointed Superintendent in 1954. 

He was elected Member upon joining the Institute 
of Petroleum in 1954. 
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Materials for a rock bit 


What makes one rock bit better than another? 


PERFORMANCE! 


What makes one rock bit out-perform 
another? 


Design, metallurgy and manufacturing tech- 
nique — plus the most important ingredients 
of all—research and experience. 


Design of Hughes rock bits is based on 


HUGHES TOOL COMPANY |; 


BRITISH MANUFACTURING SUBSIDIARY 


information from hundreds of thousands of 
wells, drilled in every type of formation. 
And design is constantly being improved as 
facts on bit performance are gathered and 
analyzed. 


You can rely on the combination of Hughes’ 
50 years research, experience, and manufac- 
turing know-how to pay off in consistently 
superior bit performance. 


* HUGHES TOOL COMPANY LIMITED 


Barclays Bank Building - 73 Cheapside + London, England 
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self-sealing principle, are being made after a most rigid series of tests covering 
all possible conditions of pipeline service. 
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More and more engineers are specifying Marston Excelsior Bursting 
Discs to ensure the safe operation of pressurized vessels. With no 
working parts to foul or clog, Marston Excelsior Bursting Discs 
provide the surest protection for plant and operatives. Immediately 
the pre-determined pressure of a vessel is exceeded, the disc ruptures 
and allows release through the full bore of the orifice. 

Marston Excelsior Bursting Discs and Carriers are manufactured in a 
range of sizes from 11/16 in. to § ft. diameter, to cover almost every 
bursting pressure. A wide variety of metals is available, including 
Aluminium, Copper, Silver, Lead, Nickel, Stainless Steel, Monel, 
Brass, Platinum and Palladium, and non-metallic materials such as 
Rubber Canvas, Neoprene and “Klingerite”’. 

Marston Excelsior have taken over the manufacture of Bursting Discs 
from the Billingham Division of I.C.I.—and with it a vast knowledge 
of these safety devices in actual use. Now, this detailed experience 
and the skill of Marstons combine to ensure perfect service under all 
operating conditions. 


For fullest details, write now to: 


MARSTON EXCELSIOR LIMITED, FORDHOUSES, WOLVERHAMPTON 


- a (A subsidiary company of Imperial Chemical Industries Ltd.) 
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... entering new fields, developing 
new ideas. That's the kind of 
look-ahead thinking behind the 
Triangle Valve Company's range of 
some of the most advanced valve 
designs available. Today, the range 
includes Alloy Steel Valves; the 
Cast Iron Gate Valve; the simple 
action Line Blind Valve; a most 
efficient Wellhead Vaive; Double 
Disc $.S. Pipeline and Parallel 
Slide C.S. Steam Valves; and a 
whole series of the latest 
design pipe fittings in D.F.S. 
and malleable iron. 
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[experience dictates use of extruded aluminium fins. 
Jeduced maintenance over conventional heat exchangers. 
life is greater. 


‘ Licensees of Hudson Engineering Corporation, Houston, Texas 


A. F. CRAIG & CO. LTD. 
Caledonia Engineering Works, Paisley, Scotiand. Telephone: PAISLEY 2191 


London Office 
727 Salisbury House, London Wall, E.C.2. Telephone: NATional 3964 
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More and more engineers are specifying Marston Excelsior Bursting 
Discs to ensure the safe operation of pressurized vessels. With no 
working parts to foul or clog, Marston Excelsior Bursting Discs 
provide the surest protection for plant and operatives. Immediately 
the pre-determined pressure of a vessel is exceeded, the disc ruptures 
and allows release through the full bore of the orifice. 

Marston Excelsior Bursting Discs and Carriers are manufactured in a 
range of sizes from 11/16 in. to § ft. diameter, to cover almost every 
bursting pressure. A wide variety of metals is available, including 
Aluminium, Copper, Silver, Lead, Nickel, Stainless Steel, Monel, 
Brass, Platinum and Palladium, and non-metallic materials such as 
Rubber, Canvas, Neoprene and “Klingerite’’. 

Marston Excelsior have taken over the manufacture of Bursting Discs 
from the Billingham Division of I.C.I.—and with it a vast knowledge 
of these safety devices in actual use. Now, this detailed experience 
and the skill of Marstons combine to ensure perfect service under all 
operating conditions. 


For fullest details, write now to: 


MARSTON EXCELSIOR LIMITED, FORDHOUSES, WOLVERHAMPTON 


- "a (A subsidiary company of Imperial Chemical Industries Ltd.) 


MAR203 


| 
: 
% 
we 
: : 
Ba 


‘Thinking ‘along 


... entering new fields, developing 
new ideas. That's the kind of 
look-ahead thinking behind the 
Triangle Valve Company's range of 
some of the most advanced valve 
designs available. Today, the range 
includes Alloy Steel Valves; the 
Cast Iron Gate Valve; the simple 
action Line Blind Valve; a most 
efficient Wellhead Vaive; Double 
Disc S.S. Pipeline and Parallel 
Slide C.S. Steam Valves; and a 
whole series of the latest 
design pipe fittings in D.F.S. 
and malleable iron. 


Tel: LANGHAM 6526-7-8 Cal London 24.100 -Lamber Wigan, Lanes, England” 
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WAILES DOVE BITUMASTIC 


is NO PROBLEM 
WITH THIS COATING 


Most protective coatings put up quite a good per- 
formance under relatively severe conditions — 
that is until they come into contact with oils 
and other solvents. Disintegration then 
takes place almost immediately Not so 
with Epimastic however. This material stands up to a 
surprising number of chemical conditions 
without the least impairment of efficiency. 


Resistance to oil is only one of EPIMASTIC’S 
many virtues. Why not write for Technical 
Leaflet No. 20 for the full story. 


EPIMASTIC 
Bituminous Coating 


LIMITED HEBBURN CO. DURHAM 167 
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YORKSHIRE 
IMPERIAL 


BI-METAL 
TUBES 


Bi-metal tubes are frequently used to overcome corrosion problems where no single alloy 
can provide adequate resistance to corrosion by media in contact with the inside and 
outside of the tubes. 

Yorkshire Imperial bi-metal tubes are manufactured in combinations of steel and non-ferrous 
alloys, e.g. steel lined or shirted with ‘‘Yorcalbro/Alumbro”’ (aluminium-brass) and in 
combinations of non-ferrous alloys. They can be supplied with the outer component cut back 
and sleeved at the tube ends with material of the same composition as the inner member. 


This 50 in. diameter x in. overall thickness brazed bi- 
metal plate (+ in. Naval Brass / }2 in. steel) is the largest 
Yorkshire Imperial have so far been called upon to make. B | M ET A L 


Whilst it was particularly difficult to manufacture because of its extreme 

thinness on the steel side, Yorkshire Imperial skill and vast experience in the 

manufacture of these specialised plates, clad on one or both sides with a 

wide range of alloys, solved the problem. PLA TES 
Yorkshire Imperial can also supply stainless steel (18/8 quality) clad with 

copper or ‘‘Alumbro”’ (aluminium-brass). 


Send for details to 


YORKSHIRE IMPERIAL METALS LIMITED 


HEAD OFFICE—P.O. BOX 166, LEEDS TELEPHONE: LEEDS 7-2222 
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‘Fluon’ valves 


protect Watson-Marlow 


Vessel Pump 
from chemical attack 


The Watson-Marlow ‘Omega’ Valve will 
handle most corrosive fluids under high pres- 
sures and full vacuum. It is made by The 
Watson-Marlow Air Pump Co., Marlow, 
Bucks, in ‘Fluon’ p.t.f.e. throughout to pre- 
vent chemical attack and grease contamination 
in their Vessel Pump. 

This application of ‘Fluon’ has been so 
successful that the sale of the ‘Omega’ valve 
for general use will soon outstrip that of the 
pump for which it was originally designed. 
‘Fluon’ is an outstanding plastic with a 
unique range of properties. Besides resisting 


chemical attack, it will also resist degradation 
from ageing over an indefinite period. It is 
tough yet flexible, has a non-stick surface 
and good impact strength. ‘Fluon’ has a very 
wide working teinperature range from 250°C. 
down to liquid nitrogen temperatures plus a 
very low permittivity and power factor. 


ON’ 


‘Fluon’ is the registered trade mark for the 
polytetrafluoroethylene manufactured by I.C.I, 


CHEMICAL INDUSTRY 


British and foreign patents pending 
covering the design and construction 
of the ‘Omega’ all ‘Fluon’ valve. 


IMPERIAL CHEMICAL INDUSTRIES 


LIMITED 


LONDON S.W.1 


PF.S2 
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DRESSER 


CLARK BROS. CO. 
compressors & gaa turbines 


DRESSER DYNAMICS, INC. 
advanced scientific research 


DRESSER-IDECO 
COMPANY 


steel structures, radar 
towers 


DRESSER MANUFACTURING 
DIVISION 
couplings, fittings and rings 


THE GUIBERSON 
CORPORATION 

oil tools, molded rubber 
products 


HERMETIC SEAL 
TRANSFORMER CO. 


HOW MANY COMPANIES 


COME TO MIND 


WHEN YOU THINK OF 


DRESSER INDUSTRIES? 


If you’re engaged in the oil, gas, chemical processing 
or electronic industries, you likely know one or more 


electronic transformer 

a of these Dresser companies. Though each operates 
independently in its specialized field of manufacturing, 

vio, service or research, all are teamed together to 


LANE-WELLS COMPANY 
technical oilfield services 


MAGNET COVE BARIUM 
CORPORATION 
drilling muda, chemicala 


PACIFIC PUMPS, 
INCORPORATED 
custom-built pumps 


ROOTS-CONNERSVILLE 
BLOWER DIVISION 
blowers, meters, vacuum 
pumps 


SECURITY ENGINEERING 


provide an important extra. This is the Dresser plus # 
...an international symbol of coordinated industrial 
performance. The inter-company teamwork of all 
Dresser companies makes available to the customers 
of any one, the global experience, manufacturing 
facilities, research and engineering services of all. 
Wherever you are, whatever your needs, look to your 
Dresser local representative for equipment and 
technical services which have become the 

standard of comparison throughout the world. 


TOMORROW'S PROGRESS PLANNED TODAY 
BY MEN WITH IMAGINATION 


DIVISION | 
rock bits, custom- } 
manufacturing 
SOUTHWESTERN STRIES,. imc. 
INDUSTRIAL ELECTRONICS 
electronic instrumentation, cas 
computer systems 
EQUIPMENT 

WELL SURVEYS, INC. ELECTRONIC 
nuclear and electronic SERVICES 
research & development INDUSTRIAL 


REPUBLIC NATIONAL BANK BLDG., DALLAS, TEXAS 


TO MAINTAIN CLOSE PERSONAL CONTACT WITH OUR CUSTOMERS, DRESSER OPERATES WORLD WIDE 


CLARK BROS. CO., Div. of Dresser (Great Britain) Ltd. 
197 Knightsbridge, London, S.W. 7, England 

CLARK COMPRESSOR CO. LTD. 

4199 Dundas Street, West, Toronto 18, Ontario, Canada 
CLARK-ITALY S.p.A., Via Tembien 41, Rome, Italy 
DRESSER A. G. 

Mihlebachstrasse 43, Switzerland 

DRESSER (Great Britain) L 

197 Knightsbridge, London, *! W. 7, England 


DRESSER INTERNATIONAL, INC. 

MEXICO: Paseo de la Reforma 95-1102, México 4, D.F. 
ARGENTINA: Viamonte 867, Buenos Aires 
VENEZUELA: Edif. Radio Continente, Ave. México, 
Los Caobos, Caracas, Venezuela 

CLARK BROS. PAN AMERICAN Div. 

Paseo de la Reforma 95-1102, México 4, D.F., México 
SOUTHWESTERN INDUSTRIAL ELECTRONICS DIV. 
Edison 40-1, México D.F., México 

IDECO DIVISION, Fifth Fioor, Paris 15 

México D.F., México 


DRESSER LIMITED, C.A. 

Apartado 6659, Caracas, Venezuela 
DRESSER MANUFACTURING CO. LTD. 

1211 Bathurst Street 

Toronto 4, Ontario, Canada 

LANE-WELLS CANADIAN COMPANY 

512 Lancaster Building 

8th Avenue & 2nd Street, W. 

Calgary, Canada 

MAGCOBAR DE MEXICO, S.A. 

Edificio Chapa 706, Monterrey, N.L., México 
MAGCOBAR DE VENEZUELA, C.A. 

Edif. Luz Eléctrica, Ave. Urdaneta, 
Caracas, Venezuela 

MAGNET COVE BARIUM CORPORATION, LTD. 
510 5th Street, S.W 

Calgary, Alberta, Canada 

PACIFIC PUMPS OF CANADA, LTD. 

9707 63rd Avenue 

Edmonton, Alberta, Canada 


PETRO-TECH DEL PERU, S.A., Talara, Peru 

PETRO-TECH SERVICE, C.A. 

Apartado 2728, Caracas, Venezuela 

ROOTS-CONNERSVILLE BLOWER (CANADA) LTD. 

629 Adelaide Street, 

Toronto 3, Ontario, Canada 

SECURITY ENGINEERING CANADA LTD. 

5710-103A Street 

Edmonton, Alberta, Canada 

SECURITY INTERNATIONAL, C.A. 

Apartado 4880, Caracas, Venezuela 

SECURITY ROCK BITS LTD.* 

Whitworth Street 

Openshaw, Manchester 11, England 

SOCIETE FRANCAISE DES INDUSTRIES DRESSER, S.a. 

11 Rue Auber, Paris 9, France 

SOUTHWESTERN INDUSTRIAL 

ELECTRONICS (CANADA) LTD. 

434 Seventh Avenue, E., Calgary, Alberta, Canada 
*Major ity owned 
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this 
is 
the 


GILBARCO 
Firth Cleveland 


The Gilbarco Gauge is a highly accurate 
electronic instrument for indicating liquid level in 
deep tanks. Here are a few of its advantages :— 


a It can be installed in tanks of all types to 
indicate liquid level or the interface 
between two liquids. 


a It gives continuous readings of liquid level 
(regardless of specific gravity) to within a few 
thousandths of an inch of height—a feature of 
particular importance for tanks 

with large surface areas. 


© It provides local and remote indication 
with a signal to operate data reduction or 
logging equipment if required. 


é It is suitable for operation in hazardous 
areas and in extremes of temperature. 


& In multiple storage tank installations, 
one remote indicator can be arranged to 
display the contents, in turn, of up to 50 tanks. 


é Routine maintenance can be readily 
performed without taking the tank out of service. 


Gilbarco Gauges of our production will 
shortly be available to Buxton flame-proof 
requirements or to American Class 1, 
Group D, Division 1 classification 


Made under licence to Gilbert and Barker Mfg. Co. U.S.A For full details write to: 


FIRTH CLEVELAND INSTRUMENTS LTD 


TREFOREST - PONTYPRIDD - GLAMORGAN 
Branches: Birmingham, Manchester, Glasgow, Stockholm, Copenhagen, Ballarat, Sydney, Johannesburg, Naarden, Milan and New York. 


A MEMBER OF THE FIRTH CLEVELAND GROUP 
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How Clark Centrifugals 
serve £SS0 at Fawley 


Two Clark No. 2 case 
4-impeller centrifugal 
compressors for process 
gas on butene 
dehydrogenation duty at 
modern refinery of 

Esso Petroleum Company 
Limited, Fawley. 

Low stage 7650 S.C.F.M. 
High stage 7300 S.C.F.M. 
9000 rpm., 1820 bhp. 
Driven by direct coupled 
steam turbine. 


CLARK BROS. CO. 
Div. of Dresser 

(Great Britain) Ltd. 

197 Knightsbridge 

London S. W. 7 


Three Clark centrifugal 
compressors at Esso 
refinery at Fawley. Driven 
in tandem through speed 
increaser gear by 3500 bhp. 
electric motor: Ist stage, 
No. 3 case 4-impeller 
11,400 S.C.F.M. at 

8450 rpm.; 2nd stage, 

No. 2 case 5-impeller 

8960 S.C.F.M.; 3rd stage, 
No. 1 case 7850 S.C.F.M. 


and 


Clark No. 3 case, 
7-impeller centrifugal 
compressor equipped with 
pneumatically controlled 
variable inlet guide for 
propylene refrigeration 
duty on ethylene recovery. 
1315 lbs./min. at suction 
temperature of —40F°, 
with one outlet and two 
inlet sidestreams. 

Driven at 6700 rpm. 
through speed increase) 
gear by 3500 bhp. : 
electric motor. 
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SECTIONS OF £6,000,000 SYNTHETIC RUBBER PLANT 
built for The International Synthetic Rubber Com so Beg at Hythe, 


Hants. Prime Contractor, Blaw-Knox Company, rgh, Pennsylvania. 


THE 
DETAIL ENGINEERING, PROCUREMENT AND rt 
MECHANICAL ERECTION BY MATTHEW HALL & CO. LTD. ATT int EW aa A : L 


GROUP OF COMPANIES 


INDUSTRIAL ENGINEERS 
4 
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Welded 
PRESSURE & BUTTERFIELD craftsmen carry out welding 


with the latest and most up-to-date equipment, 


VACUUM VESSELS and at all stages of fabrication it is super- 


vised by experts to any of the recognised 


in Stainless Steel, Mild Steel, codes. This includes the highest 
specification demanded by Nuclear 
Aluminium, Titanium Energy Establishments. 


IMustrated: 2 tons capacity 
Liquid Oxygen Storage 


F Tank. Inner vessel .” 


| : thick 18/8 Ti 

r stainless steel; 
Butte fields jacket » 


Jacket space filled 
with Expanded Perlite 
Inner vessel tested 100 p.s.i. 
Jacket tested 30p.s.i. for 01 mm. 
Hg. working vacuum. The illustration 

shows the vessel set up for vacuum tests 

for Air Products (G.B.) Limited for the Admiralty 


W. P. Butterfield Ltd., P.O. Box 38, Shipley, Yorks. Tel. 52244 (8 lines) London & Branches. 
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SPECIALISED TRANSPORT 


FOR THE OIL INDUSTRY 
built by 


TRAILERS 


IHustrated is a 3,500-gallon Fuel 
Oil Tanker Trailer built for the 
Iraq Petroleum Company. The 
trailer employs the famous 
CRANE tandem trailing axle 
gear. Tankers can be made to 
order, articulated or independent. 


Cranes also manufacture pipe-carrying trailers, 45-65 ton Low Loaders for transporting heavy 
machinery, and also standard trailers and semi-trailers for loads of 2-200 tons. 


PANES CRANES (Dereham) LIMITED 
DEREHAM NORFOLK ENGLAND. Telephone: Dereham 278/9 


London Office: 14 STANHOPE GATE, LONDON, W.!. Telephone: GROsvenor 3210 


TRAILERS wTP2 


We Specialise in 


ALL TYPES OF 


STEEL 


STRUCTURES 


for the 


OIL INDUSTRY 


‘KELVIN’ iron and ‘MAINSTEEL’ PALISADING, 
RAILINGS, GATES 


A. & J. MAIN & COMPANY LIMITED 
LONDON OFFICE WORKS AND REGISTERED OFFICE 
VINCENT HOUSE, VINCENT SQUARE, S.W.1 CLYDESDALE IRON WORKS, POSSILPARK 
Telephone: Victoria 8375 Telegrams: Kelvin Sowest, London Telephone: Possil, nw ee Kelvin, Glasgow 
CALCUTTA CHITTAGONG NAIROBI 
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Keeping water out of aviation fuels and liquid hydrocarbons is 
a job for a FRAM Separator Filter. And not only water . . . FRAM 
keeps out solids too— anything down to § microns. Standard 
units are for large-scale installations handling flow-rates of 25 to : 
1,000 i.g.p.m. or more. FRAM trailer-mounted Separator Units 
can be readily moved to any location. 


FRAM Separator Filters and Simmonds Control Valves are 

subjected to stringent tests in the Firth Cleveland Test House 

at Treforest. Proving their function under controlled conditions 

ensures that performance is always up to specification. ‘ 


Full details of FRAM separator filters from 
SIMMONDS AEROCESSORIES LIMITED Treforest Glamorgan A Member of the Firth Cleveland Group FC) 


CRC OWS 


P 
IP: 
_— 
= 


BROTHERHOOD 


VERTICAL AND HORIZONTAL 


STEAM TURBINES 
FOR DRIVING PUMPS, ETC. 
Wide range—All types. 
LBB Over 50 years’ experience. 
Hundreds in hand— 
thousands in service. 


BROTHERHOOD 
VERTICAL AND HORIZONTAL 


COMPRESSORS 


Air,Gasand Refrigerating. 


The widest range in the 
British Empire—made to suit 


your requirements. 
Thousands in service. 


BROTHERHOOD 


GENERATING SETS 


Turbine driven up to 

11,000 kw. 

Engine driven up to 340 kw. 
Scores in hand, hundreds 
in service. 


also Manufacturers of all kinds of 
PLANT TO CUSTOMERS’ OWN DESIGNS 


WHY NOT SEND YOUR PROBLEMS TO US? 


We shall be pleased to i igate them confidentially 
without commitment 


BROTHERHOOD 


POWER PLANT SPECIAL STS. WERRLY 


COMPRESSOR 
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Canada’s Newest Refinery 


Pianned and Built in Record Time 


Anticipating rapid changes in the marketingconditions 
of Western Canada the British American Oil Co. Ltd., 
decided early in 1957 that a new “grass roots” refinery 
would be required in the Vancouver area by the winter 
of 1958. A site was selected for the refinery at Port 
Moody, asuburb of Vancouver. A little over a year and 
a half is a short time to plan and execute a refinery 
project. The accomplishment of this unusual speed re- 
cord by the Kellogg organization is a testimony to both 
the Kellogg and the British American organizations. 


From the start of the early planning to the com- 
pletion of construction the co-operative spirit of the 
Kellogg and B/A engineers pushed the job ahead of 


Right : Chart shows rapid construction pro- 
gress made on the Port Moody project. 
Below: Air view of new B/A Port Moody 
refinery, Vancouver, British Columbia. 
Process section, right, is subdivided into five 
areas: (1) Crude Unit, (2) Catalytic Re- 
former and Distillate Desulfurization Unit, 
(3) Utility Plant, (4) Orthoflow Fluid Cat 
Cracker, and (5) Alkylation Unit. 


FEB MAR APR MAY J 


EARTH MOVING 


KELLOGG INTERNATIONAL CORPORATION 


KELLOGG HOUSE - 7-10 CHANDOS STREET - CAVENDISH SQUARE - LONDON W.! 


SOCIETE KELLOGG - PARIS - THE CANADIAN KELLOGG COMPANY LTD - TORONTO 
KELLOGG PAN AMERICAN CORPORATION - NEW YORK - COMPANHIA KELLOGG BRASILEIRA 
RIO DE JANEIRO . COMPANIA KELLOGG DE VENEZUELA - CARACAS 
Subsidiaries of 


schedule. Of course, B/A and Kellogg have worked 
together in the past. The decision to assign Kellogg 
this project was based mainly on past performance... 
this move in itself saved time and money normally 
spent preparing and analyzing engineering and con- 
struction proposals. 

Thecombination of co-operation, sound engineering 
and efficient construction have made the investment 
per barrel of capacity at the new B/A refinery at 
British Columbia relatively very low. The single out- 
standing factor that contributed tothe rapidcompletion 
of this project at an economic cost was the mutual 
respect between client and contractor. 


1958 
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DESIGN ENGINEERING 


CONSTRUCTION 


COMPLETION 
DATE mov 4 


THE M. W. KELLOGG COMPANY NEW YORK 
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Our range of filters 
includes:— 


The Drum, 

Disc, Precoat, 

Oil Dewaxing, Topfeed, 
Horizontal and 
Travelling Pan Vacuum 
Filters, and 

the Sweetland and 
Kelly Pressure 

Filters. 


ABFORD 


The Originators of 
present-day filtration methods 


Regardless of whether your problem involves large 
or small tonnages . . . is simple or complex . . . 
DORR-OLIVER equipment plus DORR-OLIVER 
technology can solve it for you. 

In many cases a standard unit will handle the job 
efficiently and economically. When special conditions 
dictate innovations, the experience of a life-time 
can be brought to bear on the problem. 

In any case, our Engineers can be helpful 

to you and will welcome the opportunity to 

assist in finding the solution. 


Research, engineering and equipment are available through 
the world-wide Dorr-Oliver organisation. 


COMPANY LIMITED 
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**Newallastic’’ bolts and studs have qualities which are absolutely unique. 
They have been tested by every known device, and have been proved to 
be stronger and more resistant to fatigue than bolts or studs made by 


the usual method. 


POSSILPARK GLASGOW N.2. 


oF OG. EGE 


